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locomotor activity 
open field 
peripheral region activity 





Fornix transection, 499 
adrenal responses 
behavioral responses 
eating 
meal expectancy 

Free fatty acids 
cholesterol levels, 559 
corticosterone levels, 559 
eating, 119 
food deprivation, 441 
glucose levels, 441, 559 
insulin secretion, 441 
parasympathetic activity, 119 
pigs, 573 
plasma insulin, 441 
plasma insulin release, 119 
stress sensitivity, 559 
sympathetic activity, 119 
triglyceride levels, 559 
triiodothyronine, 573 


GABA preference, 919 
amino acids 
drinking 
human/rat comparisons 
Gastric lesions, 435 
analgesia 
electrical stimulation 
medial forebrain bundle 
posterior lateral hypothalamus 
stress 
Genetic breeding, 899 
body weight 
eating 
energy balance 
glucose concentration 
insulin concentration 
nalmefene 
opiate antagonists 
route of administration 
Genital stimulation, 447 
marmosets 
primate sexual behavior 
Gerbils, 257 
circadian rhythm 
sleep patterns 
Gestational undernutrition, 381 
adiposity 
eating 
hyperphagia 
sex differences 
Glans penis, 69 
cats 
mechanoreceptors 
Glucagon, 563 
hyperglycemia 
sympathetic nervous system 
Glucocorticoids, 459 
hydrocortisone 
lesions, gold thioglucose 
lesions, hypothalamus 
Glucose 
chickens, 361 
food deprivation, 441 
free fatty acid, 441 
growth hormone (GH), 361 
insulin, 361, 441 
plasma secretion, 441 
Glucose concentration, 899 
body weight 
eating 


energy balance 
genetic breeding 
insulin concentration 
nalmefene 
opiate antagonists 
route of administration 
Glucose levels, 559 
cholesterol levels 
corticosterone levels 
free fatty acid levels 
stress sensitivity 
triglyceride levels 
Glucose-responsive neurons, 153 
feeding regulation 


hypothalamic ventromedial nucleus 


in vitro 
vasopressin 
D-Glucose, 615 
eating suppression 
D-glucose epimers 
intra-third ventricle infusion 
D-Glucose epimers, 615 
eating suppression 
D-glucose 
intra-third ventricle infusion 
Goldfish, 11 
cardiac arousal responses 
habituation of responses 
stimulus intensity 
ventilatory arousal responses 
Gonadal atrophy, 159 
blinding 
exercise 
hamsters 
short photoperiod 
Gonadal steroids, 701 
aggression 
chickens 
memory processing 
Gonadectomy, 533 
aggression 
lactation 
ovariectomy 
sex differences 
Grooming, 925 
conditioned flavor avoidance 
two-choice tests 
Ground squirrels, 5 
feeding 
opioid modulation 
seasonal variation 
Group housing, 689 
ethanol 
social behavior, female rats 
Growth hormone (GH), 361 
chickens 
glucose 
insulin 
Gustatory deafferentation, 299 
licking behavior 
taste response 


H, histamine antagonists, 39 
drug differences 
exploratory behavior 
H, histamine antagonists 
hippocampus 
histamine 

H, histamine antagonists, 39 
drug differences 
exploratory behavior 


H, histamine antagonists 
hippocampus 
histamine 


Habituation of responses, 11 


cardiac arousal responses 
goldfish 

stimulus intensity 

ventilatory arousal responses 


Hamsters 


blinding, 159 

body weight, 863 

brown adipose tissue (BAT), 307 
cortisol, 669 

dominant males, 273 
estradiol, 587 

exercise, 159 

female discrimination, 273 
gonadal atrophy, 159 
lordosis behavior, 587, 633 
melatonin treatment, 863 
mesencephalic central gray, 587 
midbrain neurons, 633 
norepinephrine turnover, 307 
novelty, 669 

photoperiod, 307, 863 
pituitary-adrenal system, 669 
receptivity, 587 
sensorimotor function, 633 
sex dimorphism, 669 

short photoperiod, 159 
single unit activity, 633 
stress, psychological, 669 
thermogenesis, 307 

urine odor cues, 273 


Handling, 295 


immune response 
plaque forming cells 
strain differences 


Heart rate, 515 


human studies 
respiration 
T-wave amplitude 


Heterotypical sexual behavior, 33 


estradiol benzoate 
lordosis response 
REM sleep deprivation 


Hippocampal damage, 387 


cardiac arrest 

reference memory 

transient forebrain ischemia 
working memory 


Hippocampal development, 681 


plasma corticosterone levels 
prenatal stress 

spontaneous alternation 
vulnerability to stress 


Hippocampus 


brain stimulation reward, 409 
drug differences, 39 
exploratory behavior, 39 

H, histamine antagonists, 39 
H, histamine antagonsits, 39 
histamine, 39 

prefrontal cortex, 409 
self-stimulation, electrical, 409 


Histamine, 39 


drug differences 
exploratory behavior 

H, histamine antagonists 
H, histamine antagonists 
hippocampus 





Hormone 


corticosterone, 285, 429, 499, 559 

epinephrine, 119, 511 

estradiol, 495, 587, 701 

estradiol benzoate, 33, 93, 345, 475 

estradiol-178-valerat, 567 

estrogen, 23, 187, 587, 633, 885 

growth hormone (GH), 361 

human chorionic gonadotropin, 567 

insulin, 119, 361, 717, 735 

melatonin, 863 

noradrenaline, 429 

norepinephrine, 119, 153, 511 

progesterone, 93, 495, 633, 885 

prolactin, 285 

testosterone, 111, 465, 483, 495, 701, 
797, 869, 885, 951 

testosterone propionate, 93, 345 


Horses, 503 


diazepam 
novel environment 
sexual behavior, males 


Hot plate test, 27 


cross-tolerance 

morphine, intrathecal administration 
morphine, systemic administration 
tail flick test 


Huddling, 105 


diurnal rhythm 
newborn pups 
nursing 
thermoregulation 


Human/rat comparisons, 919 


amino acids 
drinking 
GABA preferences 


Human studies 


age differences, 177, 323 
auditory stimulation, 543 

EEG spectral analysis, 543 
heart rate, 515 

information processing, 543 
magnitude matching, 323 

nasal irritation, 323 

odor identification, 163 
olfactory sensitivity, blind, 177 
olfactory sensitivity, sighted, 177 
operant conditioning, 543 
REM sleep, 543 

REMs density, 543 
respiration, 515 

restoration, 915 

sensitivity, absolute, 177 

sleep deprivation, 915 

sleep disruption, 915 

sniff duration, 163 

T-wave amplitude, 515 


Human studies, females, 849 


memory 
nicotine 
problem solving 


Human studies, males, 527 


evoked potentials 
reading 

saccade 

tracking tasks 


Hydrocortisone, 459 


glucocorticoids 
lesions, gold thioglucose 
lesions, hypothalamus 


8-Hydroxy-2(di-n-propylamino)tetralin 
(8-OH DPAT), 345 


5-hydroxytryptamine, A (5-HT,A) 
receptors 

lordosis 

sexual behavior 
5-Hydroxytryptamine, A (5-HT,A) 
receptors, 345 

8-hydroxy-2-(di-n-propylamino)tetralin 

(8-OH DPAT) 

lordosis 

sexual behavior 
Hyperglycemia 

glucagon, 563 

novel environment, 393 

plasma corticosterone levels, 393 

sympathetic nervous system, 563 
Hyperphagia, 381 

adiposity 

eating 

gestational undernutrition 

sex differences 
Hyperthermia, 649 

body temperature 

Pavlovian conditioning 

stress, handling 
Hypertonic infusion, 695 

cerebrospinal fluid 

peritoneal dialysis 

sodium appetite 
Hypoglossal neurons, 773 

labyrinth 

rabbits 

thermic stimulation 

vestibular ampullar modulation 
Hypothalamic rage, 129 

cats 

substantia nigra stimulation 
Hypothalamic ventromedial nucleus, 153 

feeding regulation 

glucose-responsive neurons 

in vitro 

vasopressin 
Hypothalamus 

cats, 709 

circadian rhythm, 609 

drinking, 609 

eating, 609 

flight behavior, 709 

opioid peptides, 609 

pituitary gland, 609 

plasma, 609 

plasma catecholamines, 709 


IBM personal computers, 519 
Apple computers 
ASCII data files 
data file transfer 
Immobilization, 939 
cats 
caudate nucleus 
classical conditioning 
evoked potentials 
learning 
Immobilization stress, 659 
center region activity 
footshock 
locomotor activity 
open field 
peripheral region activity 
Immune response, 295 
handling 


plaque forming cells 
strain differences 
In situ observation, 663 
endoscopy 
fetal behavior 
prenatal surgery 
In utero behavior, 57 
lidocaine 
spinal anesthesia 
In vitro, 153 
feeding regulation 
glucose-responsive neurons 
hypothalamic ventromedial nucleus 
vasopressin 
Information processing, 543 
auditory stimulation 
EEG spectral analysis 
human studies 
operant conditioning 
REM sleep 
REMs density 
Infrared photobeam activity monitor, 181 
dopaminergic drugs 
speed of movement 
time spent at rest 
Inhibition, 549 
lateral hypothalamus 
locomotor activity 
tactile stimulation 
Insulin 
acute administration, 717 
chickens, 361 
chronic administration, 717 
drinking, 717, 735 
eating, 717, 735 
food deprivation, 735 
glucose, 361 
growth hormone (GH), 361 
third ventricle, 717, 735 
Insulin concentration, 899 
body weight 
eating 
energy balance 
genetic breeding 
glucose concentration 
insulin concentration 
nalmefene 
opiate antagonists 
route of administration 
Insulin secretion, 441 
food deprivation 
free fatty acid 
glucose 
plasma insulin 
Intracerebroventricular infusion, 1 
artificial cerebrospinal fluid (art CSF) 
solutions 
cerebrospinal fluid pressure 
Intra-third ventricle infusion, 615 
eating suppression 
D-glucose 
D-glucose epimers 
Intraventricular administration, 483 
behavioral effects 
dibutyryl cyclic AMP (dbcAMP) 
domestic fowl 
Investigatory behavior, 869 
caffeine 
locomotor activity 
methylphenidate 
sex differences 
testosterone treatment 





Labyrinth, 773 
hypoglossal neurons 
rabbits 
thermic stimulation 
vestibular ampullar modulation 
Labyrinthectomy, 805 
bandage backfall 
catalepsy 
Lactation, 533 
aggression 
gonadectomy 
ovariectomy 
sex differences 
Lateral hypothalamus, 549 
inhibition 
locomotor activity 
tactile stimulation 
Lateral septal area, 475 
body weight 
lesions, kainic acid 
lesions, lateral septal area 
Learning 
cats, 939 
caudate nucleus, 939 
classical conditioning, 939 
evoked potentials, 939 
immobilization. 939 
memory, 419 
superior cervical ganglia, 419 
Learning recovery, 909 
lesions, cingulate cortex 
Lesions, area postrema, 805 
cats 
emesis 
radiation 
taste aversion 
Lesions, cingulate cortex, 909 
learning recovery 
Lesions, dorsolateral tegmentum, 329 
lesions, medial preoptic area 
sexual behavior, male rats 
sexual motivation 
Lesions, dorsomedial hypothalamic 
(DMNL), 875 
ad lib feeding 
adipose tissue metabolism 
body weight recovery 
organismic set point 
Lesions, electrolytic 
amygdala nucleus, 855 
corticosterone levels, 855 
discrimination learning, 141, 213 
fear-arousal, 855 
lesions, globus pallidus, 141 
lesions, 6-hydroxydopamine 
(6-OHDA), 855 
lesions, ibotenic acid, 141 
lesions, median raphe nucleus, 141, 213 
lesions, pontine reticular formation, 
141 
lesions, substantia nigra, 141 
nonspecific learning deficit, 141 
open field, 855 
passive avoidance, 855 
Lesions, globus pallidus, 141 
discrimination learning 
lesions, electrolytic 
lesions, ibotenic acid 
lesions, median raphe nucleus 
lesions, pontine reticular formation 
lesions, substantia nigra 
nonspecific learning deficit 


Lesions, gold thioglucose, 459 
glucocorticoids 
hydrocortisone 
lesions, hypothalamus 
Lesions, 6-hydroxydopamine (6-OHDA), 
855 
amygdala nucleus 
corticosterone levels 
fear-arousal 
lesions, electrolytic 
lesions, ibotenic acid 
open field 
passive avoidance 
Lesions, hypothalamus, 459 
glucocorticoids 
hydrocortisone 
lesions, gold thioglucose 
Lesions, ibotenic acid 
amygdala nucleus, 855 
corticosterone levels, 855 
discrimination learning, 141 
fear-arousal, 855 
lesions, electrolytic, 141, 855 
lesions, globus pallidus, 141 
lesions, 6-hydroxydopamine 
(6-OHDA), 855 
lesions, median raphe nucleus, 141 
lesions, pontine reticular formation, 
141 
lesions, substantia nigra, 141 
nonspecific learning deficit, 141 
open field, 855 
passive avoidance, 855 
Lesions, kainic acid, 475 
body weight 
lateral septal area 
lesions, lateral septal area 
Lesions, lateral septal area, 475 
body weight 
lateral septal area 
lesions, kainic acid 
Lesions, medial preoptic area 
lesions, dorsolateral tegmentum, 329 
lesions, two-stage, 539 
sexual behavior, male rats, 329, 539 
sexual motivation, 329 
Lesions, median raphe nucleus 
discrimination learning, 141, 213 
lesions, electrolytic, 141, 213 
lesions, globus pallidus, 141 
lesions, ibotenic acid, 141 
lesions, pontine reticular formation, 
141 
lesions, substantia nigra, 141 
nonspecific learning deficit, 141 
Lesions, pontine reticular formation, 141 
discrimination learning 
lesions, electrolytic 
lesions, globus pallidus 
lesions, ibotenic acid 
lesions, median raphe nucleus 
lesions, substantia nigra 
nonspecific learning deficit 
Lesions, prefrontal cortex 
aversive stimulus, 221 
fear, 221, 231, 239 
novel stimulus, 231 
semi-natural environment, 239 
Lesions, substantia nigra, 141 
discrimination learning 
lesions, electrolytic 
lesions, globus pallidus 


lesions, ibotenic acid 
lesions, median raphe nucleus 
lesions, pontine reticular formation 
nonspecific learning deficit 
Lesions, two-stage, 539 
lesions, medial preoptic area 
sexual behavior, male rats 
Licking behavior, 299 
gustatory deafferentation 
taste response 
Licking patterns, 765 
age differences 
squirrel monkeys 
sucrose 
Lidocaine, 57 
in utero behavior 
spinal anesthesia 
Lipoprotein lipase, 187 
estrogen 
food intake 
ovariectomy 
paraventricular nucleus 
ventromedial hypothalamus 
Locomotor activity 
aggression, 577 
attack, 577 
caffeine, 869 
center region activity, 659 
footshock, 659 
immobilization stress, 659 
inhibition, 549 
investigatory behavior, 869 
lateral hypothalamus, 549 
methylphenidate, 869 
open field, 659 
peripheral region activity, 659 
pigeons, 577 
schedule-induced behavior, 577 
sex differences, 869 
tactile stimulation, 549 
temporal distribution, 577 
testosterone treatment, 869 
Lordosis 
dorsal deafferentiation of preoptic 
area, 495 
ejaculatory behavior, 469 
estradiol, 587 
estradiol benzoate, 33 
hamsters, 587, 633 
heterotypical sexual behavior, 33 
8-hydroxy-2-(di-n-propylamino)tetralin 
(8-OH DPAT), 345 
5-hydroxytryptamine, A (5-HT,A) 
receptors, 345 
mesencephalic central gray, 587 
midbrain neurons, 633 
neonatal castration, 469 
neonatal testosterone, 495 
prepubertal social stimulation, 469 
receptivity, 587 
REM sleep deprivation, 33 
sensorimotor function, 633 
sexual behavior, 345 
sexual differentiation, 495 
single unit activity, 633 


Magnitude matching, 323 
age differences 
human studies 
nasal irritation 





Malnutrition, 451 
reference memory 
undernutrition 
working memory 
zinc deficiency 
Marmosets, 447 
genital stimulation 
primate sexual behavior 
Maternal behavior 
duration of cage habituation, 135 
estrogen, 23 
multiparous females, 23 
ovariectomy, 23 
oxytocin, 135 
vaginal-cervical stimulation, 23 
Maternal body weight gain, 191 
maternal food intake 
maternal water intake 
prenatal stress 
sociosexual behavior 
Maternal food intake, 191 
maternal body weight gain 
maternal water intake 
prenatal stress 
sociosexual behavior 
Maternal water intake, 191 
maternal body weight gain 
maternal food intake 
prenatal stress 
sociosexual behavior 
Meal expectancy, 499 
adrenal responses 
behavioral responses 
eating 
fornix transection 
Mechanoreceptors, 69 
cats 
glans penis 
Medial forebrain bundle, 435 
analgesia 
electrical stimulation 
gastric lesions 
posterior lateral hypothalamus 
stress 
Melatonin treatment, 863 
body weight 
hamsters 
photoperiod 
Memory 
human studies, females, 849 
learning, 419 
nicotine, 849 
problem solving, 849 
superior cervical ganglia, 419 
Memory processing, 701 
aggression 
chickens 
gonadal steroids 
Mesencephalic central gray, 587 
estradiol 
hamsters 
lordosis behavior 
receptivity 
Metergoline, 47 
antagonism 
ejaculation 
pimozide 
RDS-127-induced facilitation 
Method 
chemomyelotomy, 57 
Methylphenidate, 869 
caffeine 


investigatory behavior 
locomotor behavior 
sex differences 
testosterone treatment 
MHPG-SO, levels, 945 
fixed ratio 
noradrenaline turnover 
shock controllability 
Sidman avoidance schedule 
Midbrain neurons, 633 
hamsters 
lordosis behavior 
sensorimotor function 
single unit activity 
Milk ejection, 171 
blood pressure responses 
development, young rats 
suckling 
Monkeys, 199 
deep sleep 
prazocin 
REM sleep 
Morphine 
analgesia, 269 
chickens, 269 
motor effects, 269 
neonatal manipulation, 827 
opiate receptors, 827 
pain, 827 
tonic immobility, 269 
vocalization thresholds, 269 
Morphine, intrathecal administration, 27 
cross-tolerance 
hot plate test 
morphine, systemic administration 
tail flick test 
Morphine, systemic administration, 27 
cross-tolerance 
hot plate test 
morphine, intrathecal administration 
tail flick test 
Motor effects, 269 
analgesia 
chickens 
morphine 
tonic immobility 
vocalization thresholds 
Multiparous females, 23 
estrogen 
maternal behavior 
ovariectomy 
vaginal-cervical stimulation 
Multivariate analysis, 423 
conditioned suppression 
Roman rat strains 
working memory 


Nalmefene, 899 
body weight 
eating 
energy balance 
genetic breeding 
glucose concentration 
insulin concentration 
opiate antagonists 
route of administration 
Nasal irritation, 323 
age differences 
human studies 
magnitude matching 


Natural killer cells, 759 
behavioral conditioning 
cyclophosphamide 
saccharin 

Neonatal castration, 469 
ejaculatory behavior 
lordosis behavior 
prepubertal social stimulation 

Neonatal manipulation, 827 
morphine 
opiate receptors 
pain 

Neonatal testosterone, 495 
dorsal deafferentiation of preoptic area 
lordosis 
sexual differentiation 

Newborn pups, 105 
diurnal rhythm 
huddling 
nursing 
thermoregulation 

Nicotine, 849 
human studies, females 
memory 
problem solving 

Nipple-search, 123 
odor conditioning 
pheromone 
rabbits 
suckling behavior 
vomeronasal organ 

Non-opioid analgesia, 317 
defeat experience 
novelty scent 
social interaction 

Nonspecific learning deficit, 141 
discrimination learning 
lesions, electrolytic 
lesions, globus pallidus 
lesions, ibotenic acid 
lesions, median raphe nucleus 
lesions, pontine reticular formation 
lesions, substantia nigra 

Noradrenaline, 429 
choline acetyltransferase 
corticosterone 
olfactory bulbectomy 
open field activity 
passive avoidance 

Noradrenaline turnover, 945 
fixed ratio 
MHPG-SO, 
shock controllability 
Sidman avoidance schedule 

Norepinephrine turnover, 307 
brown adipose tissue (BAT) 
hamsters 
photoperiod, short 
thermogenesis 

Novel environment 
diazepam, 503 
horses, 503 
hyperglycemia, 393 
plasma corticosterone levels, 393 
sexual behavior, males, 503 

Novel stimulus, 231 
fear 
lesions, prefrontal cortex 

Novelty, 669 
cortisol 
hamsters 
pituitary-adrenal system 





sex dimorphism 

stress, psychological 
Novelty scent, 317 

defeat experience 

non-opioid analgesia 

social interaction 
Nursing, 105 

diurnal rhythm 

huddling 

newborn pups 

thermoregulation 
Nyctohemeral cycle, 839 


circadian temperature oscillations 


set point temperature 
thermoregulation 


Odor conditioning, 123 
nipple-search 
pheromone 
rabbits 
suckling behavior 
vomeronasal organ 

Odor, estrous rats, 53 
fluprazine hydrochloride 
odor, food 
odor, male rats 

Odor, food, 53 
fluprazine hydrochloride 
odor, estrous rats 
odor, male rats 

Odor identification, 163 
human studies 
sniff duration 

Odor, male rats, 53 
fluprazine hydrochloride 
odor, estrous rats 
odor, food 

Olfactory bulbectomy, 429 
choline acetyltransferase 
corticosterone 
noradrenaline 
open field activity 
passive avoidance 

Olfactory sensitivity, blind, 177 
age differences 
human studies 
olfactory sensitivity, sighted 
sensitivity, absolute 

Olfactory sensitivity, sighted, 177 
age differences 
human studies 
olfactory sensitivity, blind 
sensitivity, absolute 

Open field 
age differences, 313 
amygdala nucleus, 855 
apomorphine, 819 
castration, 313 
center region activity, 659 
choline acetyltransferase, 429 
corticosterone, 429, 855 
dose-response, 819 
fear-arousal, 855 
footshock, 659 
immobilization stress, 659 
lesions, electrolytic, 855 
lesions, 6-hydroxydopamine 

(6-OHDA), 855 

lesions, ibotenic acid, 855 
locomotcr activity, 659 
noradrenaline, 429 
olfactory bulbectomy, 429 


passive avoidance, 429, 855 
peripheral region activity, 659 
sex differences, 313 
snout contact, 819 
stereotypy, 819 
Operant conditioning, 543 
auditory stimulation 
EEG spectral analysis 
human studies 
information processing 
REM sleep 
REMs density 
Opiate antagonists, 899 
body weight 
eating 
energy balance 
genetic breeding 
glucose concentration 
insulin concentration 
nalmefene 
route of administration 
Opiate receptors, 827 
morphine 
neonatal manipulation 
pain 
Opiates, 835 
anorexia 
eating 
uremia 
Opioid modulation, 5 
feeding 
ground squirrels 
seasonal variation 
Opioid peptides, 609 
circadian rhythm 
drinking 
eating 
hypothalamus 
pituitary gland 
plasma 
Opioids, 603 
fasting 
prolactin 
water deprivation 
Organismic set point, 875 
ad lib feeding 
adipose tissue metabolism 
body weight recovery 
lesions, dorsomedial hypothalamic 
(DMNL) 
Osmoregulation, 673 
cerebrospinal fluid sodium 
electrolyte excretion 
pigeons 
urine excretion 
Ovarian development, 371 
doves 
female cooing 
Ovariectomy 
aggression, 533 
aortic cholesterol level, 99 
estrogen, 23, 187 
food intake, 187 
gonadectomy, 533 
lactation, 533 
lipoprotein lipase, 187 
maternal behavior, 23 
multiparous females, 23 
paraventricular nucleus, 187 
plasma cholesterol level, 99 
serum triglyceride level, 99 
sex differences, 533 


stress, 99 
vaginal-cervical stimulation, 23 


ventromedial hypothalamus, 187 


Oxytocin, 135 
duration of cage habituation 
maternal behavior 


P815 mastocytoma cells, 555 
antitumor action 
C. parvum 
stress 
Pain, 827 
morphine 
neonatal manipulation 
opiate receptors 
Pair-feeding, 597 
ambient temperatures 


plasma corticosterone concentrations 


protein deposition 
strain differences 
Parasympathetic activity, 119 
eating 
free fatty acid release 
plasma insulin release 
sympathetic activity 
Paraventricular nucleus, 187 
estrogen 
food intake 
lipoprotein lipase 
ovariectomy 
ventromedial hypothalamus 
Partner preference, 885 
estrogen 
proceptivity 
progesterone 
receptivity 
testosterone 
Passive avoidance 
amygdala nucleus, 855 
choline acetyltransferase, 429 
corticosterone, 429, 855 
fear-arousal, 855 
lesions, electrolytic, 855 
lesions, 6-hydroxydopamine 
(6-OHDA), 855 
lesions, ibotenic acid, 855 
noradrenaline, 429 
olfactory bulbectomy, 429 
open field activity, 429, 855 
Pavlovian conditioning, 649 
body temperature 
hyperthermia 
stress, handling 
Penile reflexes, 951 
anisomycin 
protein synthesis inhibition 
testosterone 
Peptide 


adrenocorticotropic hormone (ACTH), 


609 
B-endorphin, 609 
Met-enkephalin, 609 
glucagon, 563 
oxytocin, 135, 153 
somatostatin, 563 
vasopressin, 153 

Performance variables, 85 
curve-shift 
self-stimulation 

Perinatal nutrition, 365 
dietary salt 
drinking 





Peripheral anosmia, 741 
chemosignals 
puberty 
urine 
vomeronasal organ 
Peripheral region activity, 659 
center region activity 
footshock 
immobilization stress 
locomotor activity 
open field 
Peritoneal dialysis, 695 
cerebrospinal fluid 
hypertonic infusion 
sodium appetite 
Pheromone, 123 
nipple-search 
odor conditioning 
rabbits 
suckling behavior 
vomeronasal organ 
Photoperiod 
ambient temperature, 203 
body temperature, 203 
body weight, 863 
brown adipose tissue (BAT), 307 
chicks, 203, 353 
hamsters, 307, 863 
melatonin treatment, 863 
norepinephrine turnover, 307 
social behavior, chicks, 353 
time budgets, 353 
Pigeons 
aggression, 577 
attack, 577 
cerebrospinal fluid sodium, 673 
electrolyte excretion, 673 
locomotor activity, 577 
osmoregulation, 673 
schedule-induced behavior, 577 
temporal distribution, 577 
urine excretion, 673 
Pigs 
free fatty acids, 573 
polygraphic analysis, 289 
REM sleep cycles, 289 
sleep-wake states, 289 
triiodothyronine, 573 
Pimozide, 47 
antagonism 
ejaculation 
metergoline 
RDS-127-induced facilitation 
Pituitary-adrenal systems, 669 
cortisol 
hamsters 
novelty 
sex dimorphism 
stress, psychological 
Pituitary gland, 609 
circadian rhythm 
drinking 
eating 
hypothalamus 
opioid peptides 
plasma 
Plaque forming cells, 295 
handling 
immune response 
strain differences 
Plasma, 609 
circadian rhythm 


drinking 
eating 
hypothalamus 
opioid peptides 
pituitary gland 
Plasma catecholamines, 709 
cats 
flight behavior 
hypothalamus 
Plasma cholesterol level, 99 
aortic cholesterol level 
ovariectomy 
serum triglyceride level 
stress 
Plasma corticosterone 
ambient temperatures, 597 
hippocampal development, 681 
hyperglycemia, 393 
novel environment, 393 
pair-feeding, 597 
prenatal stress, 681 
protein deposition, 597 
spontaneous alternation, 681 
strain differences, 597 
vulnerability to stress, 681 
Plasma insulin, 441 
food deprivation 
free fatty acid 
glucose 
insulin secretion 
Plasma insulin release, 119 
eating 
free fatty acid release 
parasympathetic activity 
sympathetic activity 
Polecats, 777 
behavioral strategy 
eating 
energy economy 
seasonal changes 
Polygraphic analysis, 289 
pigs 
REM sleep cycles 
sleep-wake states 
Posterior lateral hypothalamus, 435 
analgesia 
electrical stimulation 
gastric lesions 
medial forebrain bundle 
stress 
Prazocin, 199 
deep sleep 
monkeys 
REM sleep 
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Editorial 


The introduction of the new Software Survey Section to 
Physiology & Behavior is to encourage the open exchange of 
information on software programs unique to our professional 
field. With the rapid penetration of computers into academic 
and industrial institutions has come a parallel increase in the 
number of scientists and researchers designing their own 
software. The existence of much of this software remains 
unknown to even those of us who could most benefit from its 
use. We believe that it is of vital importance to our readers 
that such information be made available. We believe also 
that a professional journal is the best place to share such 
information. Your contribution would be most welcome. 

The questionnaire on the following page is designed to 
assist you in reporting on software that you may have devel- 
oped or be in the process of developing. By completing this 
form, your information will reach thousands of your col- 
leagues who may benefit from your work and may possibly 
offer suggestions for further enhancements to your software. 
Please complete the enclosed form and return it to: 


Dr. Matthew J. Wayner 

Division of Life Sciences 

The University of Texas at San Antonio 
San Antonio, Texas 78285 


We do not intend to review or comment on the contents of 
the questionnaire. It will be published as is, in the next avail- 
able issue, in order to expedite the information cycle proc- 
ess. | would welcome any comments you may have. 
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SOFTWARE DESCRIPTION FORM 


Title of Software Package: 











Itis:[ ] Application Program { ] Utility [ ] Other 


Specific Area: (e.g., Thermodynamics, Inventory Control) 
Software developed for [name of computer(s)] 


in [language(s)] to run under [operating system] 
and is available in the following media: 

















[ ] Floppy Disk/Diskette Specify: 
Size Density [ ] Single siding [ ] Dual siding 
[ ] Magnetic Tape Specify: 
Size Density Character set 
Distributed by: 
Minimum Hardware Configuration Required: 
Required Memory: 
User Training Required: [ |] Yes [ ] No 
Documentation: 
[ ] None [ ] Minimal [ J]Self-documention [ |] Extensive External Documentation 
Source Code Available: [ |] Yes [ ] No 
Level of Development: 
[ ] Design Complete [ ] Coding Complete [ ] Fully Operational 
[ ] Collaboration would be welcomed 
Is software being used currently? [ |] Yes [ ]No 
If yes, how long? 
lf yes, how many sites? 
Contributor is available for user inquiries? [ |] Yes [ ]No 
Description of what Software does [200 words]: 














Potential Users: 
Fields of Interest: 
Name of Contributor: 
Institution: 
Address: 




















Telephone Number: 
Reference number [Assigned by Journal Editor] 
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OSBORNE, P. G., D. A. DENTON AND R. S. WEISINGER. Cerebrospinal fluid pressure of anaesthetized rats during 
intracerebroventricular infusion. PHYSIOL BEHAV 37/1) 1-4, 1986.—Increases in cerebrospinal fluid pressure 
(CSFP) were measured in the lateral ventricle in barbiturate anaesthetized male Sprague Dawley rats during intracerebro- 
ventricular (IVT) infusions into the contralateral ventricle. 1 VT infusions of isotonic artificial CSF (art-CSF) solutions at 10 
and 38 yl/hr increased mean CSFP from control preinfusion level of 3.6 cm H,O to 4.6 cm H,0 (n.s.) and 5.2 cm H,O 
(p<0.01) respectively with CSFP appearing to attain equilibrium after 30-60 min of infusion. IVT infusion of hyperosmolar 
art CSF solutions (saccharide and salt solutions of approximate 1000 mOsm/kg) at 38 yul/hr resulted in a larger increase of 
CSFP which equilibrated at 8.5 cm H,O (p<0.001) after 90 min of infusion. It is suggested that on the basis of CSFP 
measurements in these and other experiments cited that IVT infusions be run at infusion rates of less than 40 ywl/hr to ensure 


minimal physiological change. 


Intraventricular infusion Intraventricular pressure 


CSF Rats 


Infusion rate 





CHANGES in intracranial pressure (ICP) (which is 
synonymous with cerebrospinal fluid pressure (CSFP)) occur 
as a consequence of varying rates of inflow or efflux, pro- 
vided that the cerebrospinal fluid (CSF) containing space 
remains unobstructed. Normally ICP is constantly fluctuat- 
ing. Small regular fluctuations are induced by the respiratory 
and cardiac pulses, in addition to large fluctuations in pres- 
sure induced by changes in posture or straining [4,18]. Under 
non-pathological conditions, elevation of ICP is dampened 
by the displacement of cranial CSF into the spinal compart- 
ment [4, 17, 18] and blood out of cranial vessels [4,14]. Thus 
at a normal ICP, the residual displacement volume of the 
system is sufficient to dissipate acute non-pathological in- 
creases in ICP [4,18]. However all pressure compensatory 
mechanisms can be overcome if sufficient volume of fluid is 
added with sufficient rapidity. An intraventricular (IVT) in- 
fusion involves the addition of a volume of fluid at a pre- 
determined rate directly into the ventricular cavity of the 
brain via surgically implanted cannulae. Since the rate of 
CSF formation is thought to be independent of ICP provided 
that cerebral perfusion pressure is not unphysiologically re- 
duced [26], it is apparent that if the total rate of infusion 
exceeds the rate of efflux an increase in CSFP will result. 
In several species the rate of CSF production and the total 
ventricular volume has been measured using a variety of 
techniques [8]. This information has been essential in estab- 
lishing the optimum physiological rates of flow for ventricu- 
lar infusion. However, in the rat, there appears to be only one 
estimate of the rate of production of CSF [7] and no esti- 
mates of total ventricular volume available although the vol- 


ume of the third ventricle has been estimated at 1-2 pul by 
integrating the areas of this structure from a stereotaxic atlas 
(Prof. R. D. Wright, personal communication). The experi- 
ments reported here were performed to measure the changes 
in CSFP induced by IVT infusion of isotonic and hypertonic 
CSF solutions at different rates in the anaesthetized rat. In 
an attempt to assess the extent of anaesthesia induced alter- 
ation of blood pCO, upon CSFP, arterial blood gases were 
measured in anaesthetized rats given no IVT infusion. 


GENERAL METHOD 


Prior to experimentation, male Sprague Dawley rats 
400-500 g were housed individually in stainless steel metab- 
olism cages (182518 cm) with ad lib access to pelleted 
food (GR2+ Clark King), water and 0.5 M NaCl solution. 
Room temperature was maintained at 20°C whilst humidity 
was uncontrolled. 

Rats were anaesthetized with intraperitoneal (IP) Na 
amytal (100 mg/kg body weight) and permanent indwelling 20 
gauge guide tube was surgically implanted over each lateral 
ventricle. At least one week was allowed to elapse between 
implantation surgery and commencement of an IVT infusion 
experiment. 

Prior to an infusion of 90 min, the rat was anaesthetized 
with IP Na amytal (80 mg/kg). If the infusion was for periods 
of time greater than 90 min the rats were also given IP 
Valium (2.5 mg); the barbiturate and benzodiazepine acted 
synergistically to lengthen the period of anaesthesia. The 
anaesthetized rat was placed on its ventral surface on a sup- 
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TABLE | 


IONIC COMPOSITION OF ARTIFICIAL CSF SOLUTIONS INFUSED INTO THE LATERAL 
CEREBRAL VENTRICLE OF THE RAT (mM) 





Infusates 








Isotonic 146 3.0 FB 1.6 
Art CSF 

0.7M Man-_ 150 3.0 2.5 1.6 
nitol CSF 

0.5 M 500 3.0 23 1.6 
NaCl CSF 





Measured 
Manni- Osmol 
HCO, Cl PO, tol mosm/kg 
25 135 0.5 0 314 
25 135 0.5 700 990 
25 480 0.5 0 1027 
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FIG. 1. Change in lateral ventricular pressure of anaesthetized during IVT infusion. CSFP measured from the 
lateral ventricle during an IVT infusion to the contralateral ventricle in anaesthetized rats. Mean values and 
standard error of the mean and number of measurements are shown. CSFP was recorded continuously and 
analysed at 30 minute intervals. Changes in CSFP were analysed using an unpaired Student f-test (*p<0.05; 
*&xp<0.01; **&*xp<0.001). Mean+SEM (n). 


portive platform which prevented compression of the thorax 
or neck. The 24 g blocker was removed from each guide tube 
and each replaced with 24 g infusion probes. An infusion was 
made into one lateral ventricle and the change in CSFP was 
simultaneously recorded from the contralateral ventricle. 
Prior to each infusion the infusate was warmed to room tem- 
perature and the pH adjusted to 7.39 by expirating the art- 
CSF with air or 100% medical grade CO,. 


Experiment | 


After stable baseline CSFP was recorded, an infusion into 
the lateral cerebral ventricle at either 10 ul/hr or 38 ywl/hr of 
one of the test solutions (Table 1) was initiated. The infusion 
was concluded when the respiratory pulse of the CSFP trace 
became irregular. This was found to be a predictive sign of 
the rat beginning to regain consciousness. CSF pressure was 
measured with a Statham 800 Db transducer amplified by a 
Phillips Electromanometer Incorporated Power unit and re- 
corded on a Servoger 120 chart recorder. During the entire 
infusion period rectal temperature was monitored by a Phil- 
lips negative Temperature Co-efficient Thermistor (part No. 





2322-634-92152) and maintained between 36-38°C with a heat 
lamp and thermal insulating blanket. 


Experiment 2 


Five male Sprague Dawley Rats were anaesthetized with 
both IP Valium (2.5 mg) and Na amytal (8 mg/100 g) and 
rectal temperature was maintained between 36—-38°C. After 
the rat had been anaesthetized for 90 min the abdominal 
cavity was quickly opened and a blood sample was taken 
from the aorta. Blood gases were analysed on a Corning 168 
pH/blood gas analyser. 


Validation of Cannula Placement 


Upon completion of a series of experimental infusions, the 
rats received a lethal dose of IP Na amytal (200 mg/kg). Then 
2 ul of 1% methylene blue in isotonic saline was injected into 
both ventricles. The brain was removed and cut coronally at 
the point of entry of the guide tubes. The ventricles (lateral, 
3rd and 4th) were then examined for methylene blue. Exper- 
imental results obtained from each rat were included in the 
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data analysis only if dye present in the lumen of the ventri- 
cles. 


Statistical Analysis 


ICP was analysed using an unpaired Students f-test. Val- 
ues are given as means+SEM (n). 


RESULTS 


Experinient | 


Control mean CSFP in 11 anaesthetized rats prior to 1VT 
infusion was 3.6+0.1 cm H,O (n=31). Intraventricular infu- 
sion of 0.146 M artificial CSF at 10 uwl/hr for 60 minutes failed 
to elevate CSFP significantly, whilst an infusion of the same 
infusate at the higher rate of 38 ul/hr raised CSFP signifi- 
cantly to 4.9+0.4 cm H.O within 30 minutes. Continuing the 
infusion for a further 30 minutes resulted in a small but nonsig- 
nificant rise in CSFP to 5.2+0.4 cm H,O indicating that 
CSFP had reached an equilibrium (Fig. 1). 

IVT infusion of equiosmotic 0.7 M mannitol-CSF and 0.5 
M NaCl-CSF at 38 ul/hr produced a continual rise in CSFP 
which was maximal after 90 minutes of infusion at 8.5+0.9 
cm H.O and thereafter the continuation of the infusion for 
another 90 minutes produced no further increase of CSFP 
(Fig. 1). i ring the 3 hr IVT infusion of both hyperosmotic 
art-CSF infusates, CSFP was significantly elevated above 
control CSFP at the first and all subsequent 30 minute meas- 
urement periods. 


Experiment 2 


After 90 minutes of anaesthesia arterial blood pH was 


7.373+0.12 (5), pCO. was 39.34+3.1 (5) mmHg and 
pO, was 71.9+9.5 (5) mmHg. 


DISCUSSION 


The pre-infusion CSFP of 3.6 cm H,O recorded in our study 
compares favourably to the ICP recorded in the sodium 
Pentothal anaesthetized rat [21], Pentobarbitol sodium in- 
duced and halothane/NO, maintained anaesthetized rat [19], 
Inactin anaesthetized rats [25], and in the conscious rat [13]. 
More recently ‘basal’ CSFP of conscious unrestrained rats 
was recorded at 9 cm H,O [1]. However these ‘basal’ CSF 
pressures are actually CSFP recorded after 10 and 25 min- 
utes of intraventricular infusion of art-CSF at 2 ul/min. 

In man a barbiturate anaesthetic administered with a con- 
ventional pre-anaesthetic medication such as valium induces 
a slight decrease in cerebral blood flow [15] possibly as a 
consequence of vasoconstriction [22]. The latter results in a 
decrease in cerebral blood volume and a fall in CSF pressure 
[15,20]. Conversely, vasodilation induced by increasing 
arterial pCO, from 20 to 45 mmHg in the Inactin anaesthe- 
tized rat resulted in a small but significant rise in ICP. How- 
ever, further increases in arterial pCO, from 45 to 90 mmHg 
resulted in a large increase in ICP [25]. Since arterial pCO, 
after 90 min anaesthesia with unassisted ventilation was 
measured to be 39.3+3.1 mmHg in our experiments, it is 
unlikely that elevated pCO, contributed significantly to any 
rise of ICP or that any increase was disproportionally dis- 
tributed between treatments. The reported decreases in 
mean arterial pressure (MAP) and ICP associated with barbi- 
turate anaesthesia would serve to maintain cerebral perfu- 
sion pressure at a level in excess of 50% of its normal value, 


and, as such, cerebral autoregulation should be relatively 
unimpaired [4] as should be the rate of CSF formation [4,23]. 

The increase in CSFP recorded in response to the infusion 
of isotonic CSF solution is a consequence of the addition of a 
volume of fluid into a vessel with low compliance. The ob- 
servation that addition of a greater volume, that is, infusion 
of this same fluid at a higher rate, resulted in a larger increase 
in pressure tends to confirm the basic premise that the addi- 
tion of the infusate was responsible for the elevation of 
CSFP. An IVT infusion of hypertonic CSF solution will ele- 
vate CSFP by the addition of a volume of fluid directly into 
the ventricular space but more importantly, the hyperosmo- 
tic nature of the infusate would draw water from cells, cere- 
bral capillaries and choroid plexus to the site of application 
of the hypertonic solution—in this case the lateral ventricle. 
This movement of water leading to the re-establishment of 
ventricular isotonicity would result in a further increase of 
CSFP, with the greater the osmotic pressure of the infusate, 
the greater the component of the increased CSFP caused by 
the movement of water into the ventricular space. However, 
since change in volume is not linearly proportional to a 
change in ICP but is variable depending upon the availability 
of compensatory mechanisms [4,18], no attempt can be made 
to quantify the volume of water osmotically moved into the 
ventricles from the measured increase in pressure. The use 
of inflatable balloons placed in the subdural spaces of ba- 
boons showed there to be no intracompartmental pressure 
gradients within the supratentorial compartments of the ba- 
boon brain [16]. Similarly, a close correlation between in- 
terstitial fluid pressure (IFP) and cerebrospinal fluid pressure 
(CSFP) was found in rats, indicating the presence of a con- 
tinuous fluid column between the subdural space and the 
ventricles [25]. Thus the pressure recorded in the ventricle 
should closely approximate the extracellular pressure within 
the rat brain during IVT infusions. 

The fact that for each infusion, CSF pressure was re- 
corded to plateau represents the attainment of equilibrium 
between the rate of inflow and the rate of efflux (implying 
that the subarachnoid spaces were not obstructed and that 
the subarachnoid granulations or villi were patent). In terms 
of reproducibility it may be noted that the hypertonic infu- 
sates, being equiosmotic, both induced a similar peak mean 
CSFP after 90 minutes of IVT infusion whilst with infusion of 
isotonic CSF at the same rate, mean CSFP was observed to 
peak after 30 minutes. 

In contrast to the increase in CSFP produced by IVT 
infusion observed in the present experiments its has been 
reported previously [1] that IVT infusion of art-CSF at the 
rate of 120 ul/hr for 60 minutes resulted in a constant CSFP 
of 9 cm H,O after 10 minutes when the first recording was 
made. However it should be noted that in this earlier study 
[1] a few rats had a lower CSFP at 10 minutes which had 
increased to 9 cm H,O by 15 minutes of infusion. This 
suggests that after 10-15 minutes of art-CSF infusion at 120 
pul/hr a new CSFP equilibrium had been achieved at 9 cm 
H,O. 

The similar magnitude of CSFP equilibrium recorded 
previously [1] in response to IVT infusion of art-CSF and in 
the present study in response to IVT infusions of 
hypertonic CSF at a slower rate may be fortuitous or imply 
that at this CSFP a threshold has been surpassed, possibly 
the subarachnoid villi critical opening pressure [24] and that 
the dynamics of fluid efflux from the ventricular system have 
been grossly altered. 

A theoretical consideration is that the hypertonic nature 





of the art-CSF may induce an inflammatory reaction at the 
subarachnoid villi resulting in partial constriction of the villi 
lumen and subsequent elevation of ICP. However, this is an 
improbable scenario as the hypertonicity of the art CSF infu- 
sate is immediately reduced by both dilution and the osmoti- 
cally induced movement of water upon its delivery into the 
ventricle and during its tortuous movement through the ven- 
tricular system to the subarachnoid spaces. This was exper- 
imentally verified by sampling of CSF from the cisterna 
magna immediately after a 4 hr lateral IVT infusion of 0.5 M 
NaCl-CSF at 38 pl/hr, which resulted in elevation of 
CSF[Na] of only 5 mM (unpublished observation). 

In an overview it can be seen that all IVT infusions re- 
sulted in an increase in CSFP with hypertonic infusions in- 
ducing a greater increase in CSFP than an isotonic infusion 
at an equal rate. In regard to determining a physiologically 
optimum infusion rate, after considering the evidence pre- 
sented in this paper and others [2, 11, 12] it would appear 
that infusion rates of less than 60 ul/hr, that is, 45% of total 
CSF production as estimated by Cserr [7], have not been 
reported to significantly modify the behaviour or physiolog- 
ical processes measured in the rat. However, IVT infusions 
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of art-CSF at a rate of 180 yl/hr for less than 2 hr results in a 
high probability of the rat developing non-communicating 
hydrocephalus after three or four infusions [13]. In a 
variety of species including rats, elevated ICP has been 
shown to result in arterial hypertension resulting from sys- 
temic arteriolar constriction and increased total peripheral 
resistance [3, 6, 9] as well as alteration of cardiac output 
[6,10]. Thus the potential of elevated CSFP to induce be- 
havioural and physiological effects is obvious and intuitive 
concern for both animal and physiological exactness would, 
in general, imply that the use of slower infusion rates, that is, 
less than 40 ul/hr would be preferable especially if hyper- 
tonic infusates are employed. 
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NIZIELSKI, S. E., A. S. LEVINE, J. E. MORLEY, K. A. HALL AND B. A. GOSNELL. Seasonal variation in opioid 
modulation of feeding in the 13-lined ground squirrel. PHYSIOL BEHAV 37(1) 5-9, 1986.—Opioids are well recog- 
nized to modulate ingestive behaviors in a variety of species. To study the potential role of opioids in the alteration of 
ingestive behaviors that occur prior to hibernation, we have administered opiate agonists and the antagonist, naloxone, to 
the 13-lined ground squirrel (Spermophilus tridecemlineatus) during periods when they were hyperphagic and hypophagic. 
Naloxone consistently reduced feeding during both phases of the feeding cycle. Hypophagic animals, however, were 10 
times more sensitive to the effects of naloxone. The effect of the opiate agonists (morphine and butorphanol, | and 10 
mg/kg) on feeding also varied between seasons. The low dose of morphine produced a slight, but significant increase in 
feeding at one hour in hyperphagic animals, while the high doses tended to decrease feeding. When administered to 
hypophagic animals, feeding was decreased by both doses of each agonist. Immunoreactive (IR)-dynorphin levels in the 
cortex, hypothalamus and striatum were higher during the hypophagic phase compared with the hyperphagic phase. These 
data indicate that the 13-lined ground squirrel possesses an opiate sensitive feeding system which is affected by season. 


Feeding Opioids Ground squirrel Hibernator 


Dynorphin Spermophilus tridecemlineatus 





ALTHOUGH it has been established that the endogenous 
opiates play a role in the regulation of appetite in numerous 
species, feeding in other species has failed to respond to the 
administration of either opiate antagonists or agonists. Gen- 
erally, the opiate antagonists are capable of reducing food 
consumption under a variety of conditions, while various 
opiate agonists have been effective at increasing food intake 
in rats and mice [27]. The golden hamster, however, was one 
of the first animals whose feeding appeared to be unaltered 
following the administration of either opiate agonists or 
antagonists [15,16]. Being that the golden hamster is a hiber- 
nating animal we wished to see if this apparent lack of an 
opiate sensitive feeding system would be common among 
hibernators, or other animals which show similar seasonal 
periods of hyper and hypophagia commonly found in hiber- 
nating species [28]. 

In addition, very little data has been accumulated on the 
effects of opiate agonists in species other than rats and mice. 
In light of the suggestion that the endogenous opiates may be 
key factors in the mediation of various physiological and 
behavioral responses which are important for species survi- 





val [16], we are interested in observing the effect of opiate 
agonists on feeding in various species. Previously we re- 
ported that feeding in the racoon was resistant to the effects 
of opiate receptor blockade, while the woodchuck (a hiber- 
nator) did decrease feeding following the administration of 
naloxone [30]. In this paper we present the effects of the 
opiate antagonist naloxone and the opiate agonists morphine 
and butorphanol tartrate on feeding during both the hyper 
and hypophagic phases of the feeding cycle in another hiber- 
nator, the 13-lined ground squirrel. Morphine is a prototype 
mu agonist whereas butorphanol tends to preferentially 
stimulate the kappa receptor. Our previous studies in the rat 
[12] have found butorphanol to be a more effective feeding 
stimulator than morphine in that species. As we have ac- 
cumulated much evidence that dynorphin, the endogenous 
kappa ligand, plays an important role in feeding modulation 
[24], we also measured the levels of ir-dynorphin in the CNS 
during the hypo- and hyperphagic periods. 


METHOD 


The animals used in these experiments were juvenile, 
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male and female, 13-lined ground squirrels born in the lab- 
oratory from wild female ground squirrels trapped near 
Madison, WI. They were housed individually in suspended 
cages and provided with Purina rat chow and sunflower 
seeds ad lib. A 12 hour light/dark schedule was maintained 
and the room was kept at approximately 23°C. 

The response of food consumption to opiate agonists 
(morphine and butorphanol tartrate) and the opiate 
antagonist naloxone were measured during both the hyper- 
phagic and hypophagic phases of the feeding cycle. Trials at 
each phase were begun with opiate naive animals. Our 
animals were hyperphagic during July and August, with av- 
erage daily food intake being 115 g/kg or more. The 
hypophagic phase of the feeding cycle began in September 
and continued through November, with average daily food 
intake being less than 20 g/kg b.wt. Average food intake was 
determined from five animals whose food consumption 
(chow only) was regularly monitored. Food was available ad 
lib prior to the intraperitoneal (IP) injection of the opiate 
agonists (morphine and butorphanol; 0, 1 and 10 mg/kg) 
while the opiate antagonist naloxone (0, 0.05, 0.1, 1 and 10 
mg/kg) was administered intramuscularly following 20 hours 
of food deprivation. Physiological saline served as a vehicle 
for each drug. A weighed portion of rat chow was presented 
to the animals immediately following the administration of 
the agonists and 15 minutes following naloxone injections. 

Dynorphin levels were determined in four regions of the 
brain (anterior cortex, hypothalamus, striatum and mid- 
brain) during July (hyperphagic) and October (hypophagic). 
Dissections of these brain regions were carried out following 
the procedures of Messing et al. [21]. The animals were sac- 
rificed by decapitation and dynorphin levels were deter- 
mined by radioimmunoassay as previously described by us 
[22], using a modification of the method described by 
Ghazarossian et al. [7]. The dynorphin antibody was kindly 
provided by Avram Goldstein of the Addiction Research 
Foundation, Palo Alto, CA. 

Data were analyzed by one-way analysis of variance. A 
Dunnett's f-test was used as criteria to determine if individ- 
ual treatment means were significantly different from saline 
controls. A Wilcoxon-Mann-Whitney two sample test was 
used to analyze the seasonal brain dynorphin levels. 


RESULTS 


Administration of naloxone in July (hyperphagic) resulted 
in significant treatment effects at one and two hours 
(p<0.001). A 1 mg/kg dose of naloxone was the lowest dose 
to significantly reduce food intake at this time, decreasing 
food consumption by 33% at one hour and 43% at two hours 
(p<0.05) (Fig. 1). As we can see in Fig. 2, naloxone was also 
effective at reducing food intake when administered during 
the hypophagic phase of the feeding cycle. Significant treat- 
ment effects were again observed at 1 and 2 hours (p<0.005), 
although we found that hypophagic animals were more sen- 
sitive to naloxone than hyperphagic animals. Hypophagic 
animals receiving 0.1 mg/kg of naloxone decreased food con- 
sumption by 50% at one hour (p<0.05) and 60% at 2 hours 
(p<0.01), while the minimum effective dose in hyperphagic 
animals was 1 mg/kg. 

When the opiate agonists morphine and butorphanol tar- 
trate were administered during August to hyperphagic 
animals, significant treatment effects were observed at one 
(p<0.05) and six hours (p<0.01) (Fig. 3). At one hour, the 
increases in feeding observed with the low dose of morphine 
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FIG. 1. The effect of naloxone on feeding in the hyperphagic 13- 
lined ground squirrel (*p<0.05, *p<0.01). Numbers refer to 
naloxone dose in mg/kg. 
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FIG. 2. The effect of naloxone on feeding in the hypophagic 13-lined 


ground squirrel (*p<0.05, +p<0.01). Numbers refer to naloxone dose in 
mg/kg. 
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FIG. 3. The effect of morphine and butorphanol in hyperphagic 
13-lined ground squirrels (*p<0.05, *p<0.01). Sal=saline, M=mor- 
phine, B=butorphanol. Numbers refer to dose in mg/kg. 


(sal, 1.2+0.1 g; 0.1 mg/kg morphine, 1.9+0.2 g) just achieved 
significance (p<0.05). Although no significant treatment ef- 
fects were observed at 2 or 4 hours, there was a trend for the 
low doses of both agonists (but particularly morphine) to 
increase feeding over saline controls. A trend for the high 
dose of morphine and butorphanol to decrease food con- 
sumption existed throughout the course of the experiment. 
This became significant at 6 hours with butorphanol decreas- 
ing food consumption from 8.8+0.6 g in control animals to 
6.1+0.6 g (p<0.01). 

When administered to hypophagic animals, however, 
both doses of morphine and butorphanol consistently re- 
sulted in decreased food intake (Fig. 4). Significant treatment 
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FIG. 4. The effect of morphine and butorphanol in hypophagic 13- 
lined ground squirrels (*p<0.05, *p<0.01). Sal=saline, M=mor- 
phine, B=butorphanol. Numbers refer to dose in mg/kg. 


effects were observed at 2, 4 and 6 hours (p<0.01) while | 
mg/kg of morphine was the only dose which did not signifi- 
cantly reduce feeding at any time point. 

Dynorphin levels in hypophagic animals were increased 
in the cortex (300%), hypothalamus (30%) and striatum 
(150%) when compared to hyperphagic animals (Table 1). No 
significant changes in dynorphin levels were noted in the 
midbrain. 


DISCUSSION 


As with many other species [27], feeding is suppressed in 
the 13-lined ground squirrel following the administration of 
opiate antagonists. The seasonal alteration in their sensitiv- 
ity to naloxone, however, appears to be a novel finding. 
While naloxone consistently reduced feeding, the effects of 
the opiate agonists were more variable. Morphine and butor- 
phanol produced only small and short-lived increases in food 
consumption in hyperphagic 13-lined ground squirrels. When 
administered to hypophagic animals, however, these com- 
pounds significantly decreased food consumption at all time 
points. 

Increased sensitivity to the anorectic effects of naloxone 
are known to occur under a variety of conditions. The genet- 
ically obese mouse (ob/ob) and rat (fa/fa), as well as the 
genetically diabetic (db/db) and streptozotocin-induced dia- 
betic mouse show increased sensitivity to naloxone relative 
to controls [13,19]. Elevated levels of pituitary B-endorphin 
have been shown to occur in the genetically obese animals. It 
has been suggested, therefore, that B-endorphin may be in- 
volved in the chronic overeating, as well as the increased 
sensitivity to naloxone observed in these animals [19]. An 
alternative explanation suggests that elevated blood glucose 
levels may be modifying opiate receptors [27]. Two lines of 
evidence which support this. possibility are: (1) 
streptozotocin-induced diabetic mice, which have higher 
blood glucose levels than genetically diabetic animals, show 
an even greater sensitivity to naloxone, and (2) rats induced 
to eat by insulin hypoglycemia are less sensitive to the sup- 
pressive effects of naloxone [11,14]. 

In this study we found that early in the hypophagic phase 
of the feeding cycle, ground squirrels were approximately 
ten times more sensitive to naloxone than hyperphagic 
animals. Of further interest is the fact that, like the genet- 
ically obese and diabetic animals, insulin resistance may ac- 
company naloxone hypersensitivity. Previously we have 
suggested that insulin resistance may occur in 13-lined 
ground squirrels near the end of the hyperphagic phase of the 
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Values are means + S.E.M. 

*Significantly different (p<0.001) between 
Wilcoxon-Mann-Whitney two sample test, tp<0.01. 

¢Data obtained from ongoing studies of male Sprague-Dawley rats 
in our laboratory. 
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feeding cycle [29]. Although increased sensitivity to 
naloxone was found in hypophagic animals in this study, 
they had just entered this phase and were still at peak weight. 
If indeed insulin resistance is occurring, it is unlikely to have 
abated by this time. Therefore, mechanisms which may ex- 
plain the enhanced sensitivity to naloxone in insulin resistant 
rats and mice, may also apply to the ground squirrel. A more 
parsimonius explanation fer this seasonal difference in sen- 
sitivity can be offered however. The stimulus to feed is obvi- 
ously very potent in the hyperphagic ground squirrel, 
perhaps overriding normal satiety mechanisms. Thus their 
response to any exogenously administered anorexic agent, 
such as naloxone, may also be diminished at this time. What 
we may have observed, therefore, is not an enhancement of 
naloxone’s anorexic effect during hypophagia, but a sup- 
pression of its effect in the hyperphagic animal. 

Like naloxone, the effect of the opiate agonists on feeding 
also varied between phases of the feeding cycle. Hyper- 
phagic animals tended to increase feeding following the ad- 
ministration of the low dose of both morphine and butor- 
phanol. In the case of morphine, this increase was significant 
at one hour. However, when administered to hypophagic 
animals, both doses of these agonists reduced feeding. 

The increased feeding elicited by the opiate agonists in 
hyperphagic 13-lined ground squirrels appears to be rela- 
tively unique, outside of rats and mice. Pigeons have been 
reported to increase feeding following the intracerebroven- 
tricular (ICV) injection of ostrich and human §-endorphin 
[6], although morphine caused decreases in feeding in this 
species [5]. However, in all other species, including dogs 
[31], golden [16], Chinese [4], and Siberian hamsters (unpub- 
lished observations) and guinea pigs [3], the opiate agonists 
have had no effect, or decreased feeding. The increased feed- 
ing observed in the ground squirrel following morphine or 
butorphanol administration were marginal however. This is 
not surprising since it can be difficult to further stimulate 
feeding in animals which are already consuming large quan- 
tities of food. For example, morphine and the kappa agonist, 
ketocyclazocine, are unable to induce nocturnal feeding or 
feeding in deprived rats [26]. However, we might have ex- 
pected these opiate agonists to have amore robust stimula- 
tory effect on feeding in the hypophagic animal. Instead, we 





found significant reductions in food consumption at all time 
points. This reduction of feeding following the administra- 
tion of opiate agonists in the hypophagic animal occurred at a 
time when the ground squirrel would normally be hibernat- 
ing, and may be related to the sedative properties of these 
compounds. Although casual inspection did not reveal any 
obvious signs of sedation, it is possible that at this time of the 
year these animals are more sensitive to sedation by opiates. 
This suggests that the opiates may be involved in the initia- 
tion and/or maintenance of hibernation. The increase of 
brain dynorphin levels in hypophagic animals supports this 
possibility. Increased sensitivity to sedation by opiate 
agonists, coupled with increased levels of endogenous ligand 
may very well lead to the decreased activity observed just 
prior to or during hibernation. Reports from other labora- 
tories have suggested the involvement of the opiates in 
hibernation also. The opiate antagonists, naloxone and nal- 
trexone, have been shown to cause premature arousal in 
hibernating Turkish hamsters [18] and dormice [10], hiber- 
nating ground squirrels do not develop an addiction to mor- 
phine [1] and quantitative seasonal (but not qualitative) 
differences in the behaviors elicited during morphine with- 
drawal have been observed [2]. 

Preliminary results from our laboratory have shown, 
however, that ICV injections of dynorphin and D- 


ser-leu-enkephalin-thr produced large increases in feeding in 
hypophagic animals. So decreases in feeding following 
Opiate administration in hypophagic animals appears to be 
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limited to systemic injections. Although it is difficult to make 
direct comparisons because different opiate agonists were 
administered in these studies, these results are not without 
precedence. Previously it has been shown that feeding is 
decreased when B-endorphin is administered peripherally 
[9,23] but increased when injected ICV [8,20]. These exper- 
iments have not yet been repeated in hyperphagic animals so 
it is not clear at this point if there will be seasonal differences 
on the effect of centrally administered opiates. 

Nevertheless, it does appear that the 13-lined ground 
squirrel does possess an opiate sensitive feeding system 
which is affected by season. Seasonal alterations in brain 
dynorphin concentrations, sensitivity to naloxone, and the 
effect of opiate agonists on feeding all lead to this conclu- 
sion. These data also support the suggestion by Margules 
[17] that endogenous opiates play a role in mediating physi- 
ological and behavioral responses which are important for 
species survival. Furthermore, these data, as well as our 
previous studies [29], stress the importance of conducting 
experiments during both the hyper and hypophagic phases of 
the feeding cycle in animals which exhibit circannual 
rhythmicity in feeding. Finally, we would like to stress that a 
number of neurotransmitters appear to be involved in the 
modulation of food intake [25] and that it is the interactions 
of these neurotransmitters that appear to play a key role. Our 
ongoing studies are, therefore, directed towards examining 
the role of other neurotransmitters in the regulation of feed- 
ing in the ground squirrel. 


REFERENCES 


. Beckman, A. L., C. Llados-Eckman, T. L. Stanton and M. W. 
Adler. Physical dependence on morphine fails to develop during 
the hibernating state. Science 212: 1527-1529, 1981. 

. Beckman, A. L., C. Llados-Eckman, T. L. Stanton and M. W. 
Adler. Seasonal variation of morphine physical dependence. 
Life Sci 30: 147-153, 1982. 

. Billington, C. J., T. J. Bartness, A. S. Levine, B. H. Herman 
and J. E. Morley. Opiate feeding systems in guinea pigs. Fed 
Proc 43: 1042, 1984. 

. Billington, C. J., J. E. Morley, A. S. Levine and G. C. Gerrit- 
sen. Feeding systems in Chinese hamsters. Am J Physiol 247: 
R405-R411, 1984. 

. Cooper, S. J. and S. Turkish. Food and water intake in the 
non-deprived pigeon after morphine or naloxone administration. 
Neuropharmacology 20: 1053-1058, 1981. 

. Deviche, P. and G. Schepers. Intracerebroventricular injection 
of ostrich B-endorphin to satiated pigeons induces hyperphagia 
but not hyperdipsia. Peptides 5: 691-694, 1984. 

. Ghazarossian, V. E., C. Chavkin and A. Goldstein. A specific 
radioimmunoassay for the novel peptide, dynorphin. Life Sci 
27: 75-86, 1980. 

. Grandison, L. and A. Guidotti. Stimulation of food intake by 
muscimol and beta endorphin. Neuropharmacology 16: 533- 
536, 1977. 

. King, M. G., A. J. Kastin, R. D. Olson and D. H. Coy. Systemic 
administration of met-enkephalin, (D-ala*)-met-enkephalin, 
B-endorphin, and (D-ala”)-8-endorphin: Effects on eating, drink- 
ing and activity measures in rats. Pharmacol Biochem Behav 11: 
407-411, 1979. 

. Kromer, W. Naltrexone influence on hibernation. Experientia 
36: 581-582, 1980. 

. Levine, A. S. and J. E. Morley. Peptidergic control of insulin- 
induced feeding. Peptides 2: 261-264, 1981. 

. Levine, A. S. and J. E. Morley. Butorphanol tartrate induces 
feeding in rats. Life Sci 32: 781-785, 1983. 


13. Levine, A. S., J. E. Morley, D. M. Brown and B. S. Hand- 
werger. Extreme sensitivity of diabetic mice to naloxone- 
induced suppression of food intake. Physiol Behav 28: 987-989, 
1982. 

. Lowy, M. T., R. P. Maickel and G. K. W. Yim. Naloxone 
reduction of stress-related feeding. Life Sci 26: 2113-2118, 1980. 

5. Lowy, M. T. and G. K. W. Yim. Drinking, but not feeding, is 
opiate-sensitive in hamsters. Life Sci 30: 1639-1644, 1982. 

. Lowy, M. T. and G. K. W. Yim. Stimulation of food intake 
following opiate agonists in rats but not hamsters. Psychophar- 
macology (Berlin) 81: 28-32, 1983. 

. Margules, D. L. Beta-endorphin and endoloxone: Hormones of 
the autonomic nervous system for the conservation or expendi- 
ture of bodily resources and energy in anticipation of famine or 
feast. Neurosci Biobehav Rev 3: 155-162, 1979. 

. Margules, D. L., B. Goldman and A. Finck. Hibernation: An 
opioid-dependent state? Brain Res Bull 4: 721-724, 1979. 

. Margules, D. L., B. Moisset, M. J. Lewis, H. Shibuya and C. B. 
Pert. B-Endorphin is associated with overeating in genetically 
obese mice (ob/ob) and rats (fa/fa). Science 202: 988-991, 1978. 

. McKay, L. D., N. J. Kenney, N. K. Edens, R. H. Williams and 
S. C. Woods. Intracerebroventricular beta-endorphin increases 
food intake of rats. Life Sci 29: 1429-1434, 1981. 

. Messing, R. B., B. J. Vasquez, V. R. Spiehler, J. L. Martinez, 
Jr., R.A. Jensen, H. Rigter and J. L. McGaush. *H- 
Dihydromorphine binding in brain regions of young and aged 
rats. Life Sci 26: 921-927, 1980. 

. Morley, J. E., M. K. Elson, A. S. Levine and R. B. Shafer. The 
effect of stress on the central nervous system concentrations of 
the opioid peptide, dynorphin. Peptides 3: 901-906, 1982. 

. Morley, J. E. and A. S. Levine. Corticotrophin releasing factor, 
grooming and ingestive behavior. Life Sci 31: 1459-1464, 1982. 

. Morley, J. E. and A. S. Levine. Involvement of dynorphin and 
the kappa opioid receptor in feeding. Peptides 4: 797-800, 1983. 





OPIOID MODULATION IN THE GROUND SQUIRREL 


25. 


26. 


a. 


Morley, J. E. and A. S. Levine. The pharmacology of eating 
behavior. Annu Rev Pharmacol Toxicol 25: 127-146, 1985. 
Morley, J. E., A. S. Levine, M. Grace and J. Kneip. An investi- 
gation of the role of kappa opiate receptor agonists in the initia- 
tion of feeding. Life Sci 31: 2617-2626, 1982. 

Morley, J. E., A. S. Levine, G. K. Yim and M. T. Lowy. Opioid 
modulation of appetite. Neurosci Biobehav Rev 7: 281-305, 
1983. 


. Mrosovsky, N. Lipid programmes and life strategies in hiber- 


nators. Am Zool 16: 685-697, 1976. 


. Nizielski, S. E., J. E. Morley, T. J. Bartness, U. S. Seal and 


A. S. Levine. Effects of manipulations of glucoregulation on 
feeding in the ground squirrel. Physiol Behav 36: 53-58, 1985. 


. Nizielski, S. E., J. E. Morley, B. A. Gosnell, U. S. Seal and A. 


S. Levine. Opioid modulation of ingestive behaviors in wood- 
chucks and racoons. Physiol Behav 34: 171-176, 1985. 


. Vaupel, D. B. and E. C. Morton. Anorexia and hyperphagia 


produced by five pharmacologic classes of hallucinogens. 
Pharmacol Biochem Behav 17: 539-545, 1982 








Physiology & Behavior, Vol. 37, pp. 11-14. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 


003 1-9384/86 $3.00 + .00 


Cardiac and Ventilatory Arousal 
Responses and Their Habituation in 
Goldfish: Effects of the Intensity 
of the Eliciting Stimulus 


DONAL J. ROONEY AND P. R. LAMING 


Department of Zoology, The Queen’s University of Belfast 
Belfast BT7 INN, Northern Ireland 


Received 9 May 1985 


ROONEY, D. J. AND P. R. LAMING. Cardiac and ventilatory arousal responses and their habituation in goldfish: 
Effects of the intensity of the eliciting stimulus. PHYSIOL BEHAV 37(1) 11-14, 1986.—Recordings were made of 
cardiac and ventilatory responses of goldfish to the onset of 10 sec illumination presented at 2 min intervals. These 
responses were measured by increases in cardiac interbeat interval, ventilatory interbreath interval and by reductions in 
ventilatory amplitude. Four groups of fish were subjected to intensities of 52, 78, 90 and 160 lux. Habituation of responses 
was considered to have occurred when its magnitude fell within the limits of normal variation of the physiological variable. 
It was found that the more intense the stimulus the greater was the magnitude of the initial physiological response and 
correlated with this the number of stimulus presentations required for habituation. The relationship between stimulus 
intensity, initial response magnitude and resistance to habituation was consistent for cardiac responses. The results are 
discussed with respect to current knowledge of arousal and its habituation. 


Arousal Orienting reaction 
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TELEOSTS may respond to novel environmental stimuli 
with a non-directional arousal response which stabilises the 
position of the fish in the water. These responses include 
erection of the dorsal fin and a change in the beat of the 
pectoral and caudal fins, and have been described for the 
guppy (Poecelia reticulata) [19], roach (Rutilus rutilus) {8}, 
slippery dick (Halichoeres bivittatus) [6], Siamese fighting 
fish (Betta splendens) [12] and the goldfish (Carassius au- 
ratus) [10]. Laming and Savage [10] reported that responses 
occurred to a variety of stimulus types, including light onset, 
a moving shadow, acoustic stimuli and pressure waves and 
were consistently associated with cardiac and ventilatory 
decelerations and a decrease in minimum ventilatory ampli- 
tude. 

This close correlation between behavior and physiolog- 
ical response to novel stimuli exhibited by aroused teleosts is 
unlike that described for mammals. In mammals the orient- 
ing reaction (OR) of Sokolov [21,23] may be associated with 
cardiac deceleration [3], acceleration [22] or both [4]. This 
has led to the view that the OR is not unitary, but consists of 
an involuntary [11] or stimulus registration [1] component 
associated with cardiac deceleration and a voluntary [11] or 
specific registration [1] component associated with cardiac 
acceleration. The unequivocal relationship between behav- 
ioral arousal and physiological responses in fish make them 
good subjects for the analysis of the relationship between 


Cardiac responses 


stimulus intensity and response magnitude which in mam- 
mals has primarily been performed by recordings of the Gal- 
vanic skin response [2]. 

In vertebrates the response to a novel stimulus declines 
when that stimulus is repeated and novelty is lost. The be- 
havioral and physiological arousal responses of fish are no 
exception and comply with most of the criteria for habitua- 
tion described by Thompson and Spencer [24]. Thus, they 
(A) show response decrement on repeated stimulation 
[10,20] (B) they recover spontaneously [16], (C) a repeated 
series of stimuli causes greater habituation [16], (D), 
habituation is proportional to stimulus frequency [10] and 
(E) another slightly different stimulus causes dishabituation 
[17]. One of the criteria for habituation previously only 
simplistically examined [10] for arousal in goldfish is the ef- 
fect of stimulus intensity. The present report is therefore 
concerned with the effects of the onset of illumination of dif- 
ferent light intensities on arousal responses and their 
habituation on the goldfish (Carassius auratus). 


METHOD 


The fifty goldfish (Carassius auratus) used in this study 
were 9-12 cm in length, obtained from a regular supplier and 
maintained in aquaria of aerated, filtered water at 12+2°C for 
four weeks prior to operations. This time was chosen to 
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FIG. 1. Magnitudes of interbeat, interbreath and ventilatory ampli- 
tude responses of fish on initial presentation of the onset of differing 
intensities of illumination (mean+SEM). 


reduce thermal acclimation effects on learning processes 
[14]. They were fed on dried aquarium pellets (Wardleys) on 
alternate days and kept in natural lighting. 


Operations 


Fish with no obvious signs of disease were anaesthetised 
in 1/10,000 MS222 (Sandoz) until opercular movements 
ceased, and prepared ECG electrodes [15] and a buccal 
catheter [10] were implanted whilst the fish’s gills were 
periodically (1 min) ventilated with fresh water. Operations 
took about 4 min; a further 2 min was all that was usually 
required for ventilation to recommence. The electrodes and 
catheter were subsequently used to monitor cardiac inter- 
beat interval, interbreath interval and the amplitude of ven- 
tilatory pressure changes respectively. Buoyancy compen- 
sation for the assembly was achieved by fitting a polystyrene 
float whilst the fish recovered from anaesthesia. 

Further recovery from operations involved placing fish 
for 24 hours in an (3x1.5x0.5 m high) aquarium of clean, 
filtered water for 24 hours. 


Experiments 


Individual fish were placed in a (206 x 10 cm deep) wire 
trough positioned centrally in a half filled aquarium, 
(35x35x25 cm deep), containing water at 12+2°C, and 
mounted on polystyrene to reduce vibration. The aquarium 
was situated inside a (463636 cm deep) black, wooden 
box, in the lid of which was a 13 cm diameter circular hole 
which admitted light from a 40 W (pearl) Tungsten filament 
lamp. The aperture was designed to accept from 1-5 Kodak 
Wratten, neutral density filters, which gave stimulus inten- 
sities of from 52-160 lux without spectral variability. The 
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FIG. 2. Habituation of interbeat, interbreath and ventilatory ampli- 
tude responses of fish to the onset of illumination at different inten- 
sities. 


stimulus intensity given to an individual fish was selected on 
a random basis to eliminate uncontrolled environmental ef- 
fects. Fish behaved normally in the test aquarium after up to 
15 min so to ensure adaption to the environment they were 
left for one hour prior to presentation of stimuli. 

ECGs and ventilatory pressure changes were monitored 
on a Beckmann R411 polygraph. The parameters used to 
determine arousal responses were, increases in interbeat 
interval and interbreath interval and reduction of the 
minimum amplitude of ventilations, as these have been 
shown to be consistent changes associated with behavioral 
arousal in goldfish [10]. Parameters were measured for 10 sec 
before the stimulus and 10 sec after its onset and response 
magnitude was assessed by the ratio of longest interbeat or 
interbreath interval or smallest ventilatory amplitude in the 
stimulus 10 sec to that in the 10 sec before stimulus onset. 
Normal random changes in these ratios were determined 
from 2 consecutive 10 sec periods prior to the first stimulus 
presentation [9]. Ten sec was chosen as it is greater than the 
longest interbeat or interbreath interval ever recorded in the 
laboratory. The stimulus, the onset of illumination, was re- 
motely switched on for 10 sec at 2 min intervals and record- 
ings were made for 20 stimuli. Illumination intensities of 52, 
78, 90 and 160 lux were used and results were grouped for the 
11, 18, 10 and 11 fish respectively given these stimuli. 
Habituation was considered to have occurred in an individ- 
ual on the second of two consecutive stimuli on which a 
response ratio fell within the SEM of its normal variation. 


Data Analysis 


Initially a two-way analysis of variance (ANOVA) was 
performed on the magnitude of the response to a stimulus, 





CARDIAC AND VENTILATORY AROUSAL IN GOLDFISH 


TABLE | 


LINEAR CORRELATION COEFFICIENTS (r) FOR THE RELATIONSHIP BETWEEN THE 
MAGNITUDE OF THE AROUSAL RESPONSE TO A NOVEL STIMULUS (THE ONSET OF 
ILLUMINATION) AND THE NUMBER OF STIMULUS PRESENTATIONS REQUIRED 
FOR ITS HABITUATION 





Cardiac Response (CR) 
(Interbeat Interval) 


Stimulus 
Intensity F 


Ventilatory (VR) 
(Interbreath Interval) 


Ventilatory (VA) 
Amplitude 


Pp F P 





160 lux 
90 lux 
78 lux 
52 lux 

ALL 


p<0.05 .29 NS 
NS ~.59 p<0.1 
p<0.005 —. 50 p<0.05 
p<0.01 —.92 p<0.001 
p<0.005 —.37 p<0.05 





with repeated measures on one factor (trials), stimulus in- 
tensity (groups) being independent. Further analysis con- 
sisted of one-way ANOVAs of (1) initial response magnitude 
and (2) trials to habituation; each analysis performed be- 
tween groups. Finally, product-moment correlation coeffi- 
cients were determined for (1) initial response magnitude and 
trials to habituation and (2) initial response magnitude and 
stimulus intensity. 


RESULTS 


All fish responded within 10 sec after the first presenta- 
tion of onset of illumination with an increase in the interbeat 
interval of the ECG and an increase in the interval between 
ventilations. Most (44 out of 47) fish showed a decrease in 
ventilatory amplitude associated with this ventilatory decel- 
eration. Repeated presentation of the stimulus caused re- 
sponses to habituate. 

An initial two-way ANOVA with repeated measures on one 
factor (the Ist 10 stimuli) was performed to determine the 
effects of stimulus intensity on responses. Treatment effects 
at this level of analysis did not prove significant though that 
for cardiac responses (ECG), F(3,46)=2.55, NS, and for 
ventilatory amplitude (VA) changes, F(3,43)=2.06, NS, 
showed trends of increased response magnitude with 
stimulus strength, not evident for interbreath interval (VR) 
responses. The effects of repetition of the stimulus were al- 
ways significant. These were respectively for ECG, VA and 
VR _ responses, F(9,414)=35.8, p<0.01, F(9,387)=16.6, 
p<0.01, and F(9,387)=16.1, p<0.01. The results of this 
analysis, viz: no significant treatment effects but strong ef- 
fects due to repetition were indecisive and thus, according to 
Parker [13] merited further analysis. One reason for a lack of 
treatment effects was that variation declined at different 
rates as habituation ensued. The next stage of analysis, 
therefore, separated the effects of intensity on (1) the initial 
response and (2) the independent criteria of number of trials 
to habituation. 

A one-way ANOVA of initial response magnitude showed 
that for ECG responses stimulus intensity had a significant 
effect, F(3,46)=3.2, p<0.05, statistically not evident for VR, 
F(3,43)=0.94, NS, or VA responses, F(3,43)=2.17, NS, 
though for the latter, higher intensities also appeared to give 
larger initial responses (Fig. 1). Habituation of responses 
showed clearer differences between groups. Thus a one-way 


ANOVA of trials to habituation for ECG responses, 
F(3,46)=9.22, p<0.01, and VR responses, F(3,43)=4.64, 
p<0.01, were significant whilst for VA responses they were 
not, F(3,43)=1.79, NS. Thus, more intense stimuli required 
more trials for habituation to ensue (Fig. 2). 

These analyses suggested that for some responses there 
was a relationship between stimulus intensity, initial re- 
sponse magnitude and trials required for the response to 
habituate. These relationships were examined by applying an 
analysis of product-moment correlation between stimulus 
intensity and response magnitude and the latter and trials to 
habituation (Table 1). Significant correlations were found be- 
tween stimulus intensity and initial response magnitude for 
ECG responses, r(48)=.39, p<0.01, and for VA responses, 
r(45)=—.3, p<0.05, though not for VR responses, r(45)=.08, 
NS. Correlations were also found between the magnitude of 
response to the initial stimulus and the number of trials to 
habituation of that response for all fish and all measures of 
response (Table 1). When this correlation was examined in- 
dependently for each intensity of illumination, it was found 
that significant correlations were most evident at lower in- 
tensities regardless of the measure of response used. 


DISCUSSION 


Goldfish presented with the onset of illumination consis- 
tently responded with cardiac and ventilatory deceleration 
and a reduction in ventilatory pressure amplitude. These re- 
sponses are consistent with those reported to be associated 
with behavioral arousal, in this species, to this stimulus [10]. 
In the case of cardiac and ventilatory amplitude responses 
there was a linear correlation between intensity of the 
stimulus and the magnitude of the response it elicited. This 
supports suggestions from earlier work [10] that stronger 
stimuli, in terms of energy content, elicit more pronounced 
responses. That work, however, used different modalities of 
stimulus and both arousal and fright categories of response. 
The present work has shown that the magnitude of arousal 
responses alone may be quantified and varies with the 
strength of the eliciting stimulus, as found for the galvanic 
skin response in humans [2]. 

When a stimulus is repeatedly presented it loses novelty 
and the response habituates. A strong correlation was evi- 
dent between not only stimulus intensity and initial response 
magnitude, but also between the latter and resistance to 
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habituation. This latter correlation supports that found by 
Laming and Savage [10] but here the eliciting stimulus 
strength was also objectively assessed. 

The relationship shown between stimulus strength and 
resistance to habituation of the response was a highly signifi- 
cant one for all physiological responses measured in the ex- 
periments reported here. Thus, the decline in arousal re- 
sponses in fish on repetition of the eliciting stimulus has been 
shown to conform to another of the criteria for habituation 
proposed by Thompson and Spencer [24]. The relationship 
between stimulus strength and habituation may not, how- 
ever, be a simple one, as it becomes progressively less signif- 
icant as intensity is increased. This may be due to the over- 
saturation of receptors by intense illumination, though the 
highest light intensity used (160 lux) ‘room light’ intensity 
would not appear to have this potential. There are other 
explanations for changes in the relationship between re- 
sponse magnitude and habituation, one of which is derived 
from experiments indicating that arousal and its habituation 
may be partially regulated by different telencephalic regions. 
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Thus, lesions in the region of the anterior commissure [8,18] 
have been shown to give rise to elevated initial responses 
without affecting the slope of the habituation curve. This is 
similar to the effect of higher intensities seen in the present 
work where habituation was prolonged only when the initial 
response was elevated. The link between initial response 
magnitude and habituation can, however, be broken, as le- 
sions in the posterior telencephalon have been shown to 
grossly impair habituation without affecting the initial re- 
sponse [8,18]. 

The consistency of quantitative measures of responses 
determines their usefulness. In this study, as before [10], 
consistency was most evident in cardiac responses. This 
may be because cardiac output in teleosts is primarily de- 
pendent on rate [5] whereas ventilatory water-flow can be 
changed by either the rate or magnitude of ventilatory ef- 
forts. This study has added to the evidence [6, 7, 8, 10, 12, 
18, 19] that where arousal is concerned, fish provide a useful 
model for studying the behavior and its physiological basis as 
well as its regulation by the process of habituation. 
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NAIM, M., J. G. BRAND, C. M. CHRISTENSEN, M. R. KARE AND S. VAN BUREN. Preference of rats for food 
flavors and texture in nutritionally controlled semi-purified diets. PHYSIOL BEHAV 37(1) 15-21, 1986.—Preference for 
nutritionally controlled, semi-purified diets modified by the addition of potent food flavors was determined for Sprague 
Dawley rats using two-choice diet preference tests. Intake of each food cup was monitored after | hr and for each 24 hr 
period thereafter up to 5 days. Preference was also determined for the flavored diets prepared in three forms differing in 
texture: powdered, and pellets of two sizes. Rats easily detected minor amounts of the food flavors, and the tests provided 
a catalog of 12 preferred flavors. Exposure time to the diets altered preference for a minority of flavors; diets initially 
avoided in the first hour test were likely to become less aversive upon continued exposure. Whether or not a specific 
flavored diet was preferred, total food intake was not affected during the 5 day period monitored. Rats displayed strong 
preference for diets of a pelleted texture compared to the same diets in a powdered form. 


Preference Food flavors 


Texture Taste 


ONE way in which animals and humans ensure a balanced 
intake of nutrients is through the selection of a variety of 
foods rather than by eating one specific item. The chemical 
senses play an important role in this selection process. In 
humans, the pleasantness rating of specific food items de- 
creased during their ingestion while the pleasantness rating 
for uneaten foods remained unchanged [19]. Rats offered 
sequential changes in food flavors during the course of a 
meal consumed more food compared with a meal with only a 
single flavor [7,25]. 

Although the above mechanism of consummatory behav- 
ior has survival value in situations where nutrients are scarce 
or not in balance, its value in circumstances where nutrients 
are readily available over and above physiological needs is 
questionable. When humans and animals were exposed to 
multi-choice (‘‘cafeteria’’) type feeding (consisting of a 
variety of Western, palatable foods such as cheese, salami, 
cookies and other snacks) they became hyperphagic [16, 
20-23]. It has been assumed that the variety of sensory prop- 
erties of the above food items is a major contributor to their 
high palatability. The snack foods are indeed palatable to 
rats since they are preferred by the animals over their stock 
chow [23]. 

However, diet preference is determined not only by taste, 
smell and texture but also by postingestional feedback [4, 10, 
13, 18]. In addition to a variety of flavors, the typical West- 





ern diet is rich in fats and sugars, constituents which, in 
addition to their important sensory properties, are actively 
involved with lipogenic metabolic processes. Such high fat, 
high sugar diets may contribute to increased appetite by 
postingestional factors. For example, due to post-absorptive 
signals, sucrose in a drink will stimulate the release of the 
appetite stimulative hormone insulin in humans to a greater 
extent than equi-caloric doses of glucose or starch- 
containing drinks [2]. The separation of the several factors 
(variety of flavor, texture, lipogenic substrates, etc.) con- 
tributing to the overall palatability of the *‘cafeteria’’ diet has 
not been determined, although an attempt to separate the 
sensory factors from other dietary components has recently 
been reported [9]. 

Limited information on the preference of rats for dietary 
food flavors or texture is available [1, 3, 8, 15]. In previous 
studies [7,25] when it was observed that a variety of flavors 
induced overeating during a meal, no preference data were 
presented to indicate whether the flavors used at specific 
levels were indeed appealing to the rats. The present exper- 
iments were aimed at determining the preference-aversion 
curve for food flavors derived from or associated with foods 
commonly used in the ‘‘cafeteria’’ induced-obesity model. 
The preference for diets containing these flavors was deter- 
mined in a nutritionally balanced, low fat, semi-synthetic 
diet mix. In order to minimize dilution of the diet and 
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FIG. 1. Results of two-choice preference tests between a nutritionally balanced diet 
containing one of 5 concentrations of a single flavor versus an unadulterated nutri- 
tionally balanced diet. Values are the mean and SEM of data from 7-10 rats per each 
concentration of each flavor. Preference levels are indicated with open circles and 
triangles represent the total food intake from both choices. Asterisks above the open 
circles indicate that percent preference was significantly different than 50%. Panel A: 
Preference and intake for diets containing the flavors nacho cheese, benzaldehyde, 
banana, bacon and cheddar cheese; Panel B: Flavors are vanilla, peanut, butter, choco- 
late and salami; Panel C: Flavors are liver, bread, cheese paste, chicken and beef. 


minimize any nutritional contribution of the flavors, no 
flavors was used at a level higher than 2% of the diet. In 
addition, since pelleted forms of diets are usually preferred 
[1], we sought to obtain data on the preference for two sizes 
of a pelleted form of the flavored, semi-purified diets. Re- 
sults from this study allow the design of nutritionally con- 
trolled diets in experiments that seek to determine the role of 


flavor and texture variety in the induction of hyperphagia 
and obesity. 


GENERAL METHOD 
Animals and Diets 


Sprague Dawley weanling male rats (Charles River, 
Wilmington, MA) weighing 50-60 g were housed individually 
in cages 30x25x15 cm at a temperature of 23°C with a 12 
hour light/dark cycle. Animals were acclimated to our lab- 
oratory for at least 12 days prior to testing during which time 
they were fed a nutritionally balanced, semi-purified diet 
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containing 0.004% citral flavor (IFF, New York). In a pre- 
liminary preference test, a diet containing this level of citral 
was found to be preferred compared to the unadulterated, 
semi-purified diet by adult male Sprague Dawley rats. Food 
and water was provided ad lib throughout all experiments 
unless otherwise specified. The composition of these diets 
was as follows (g/kg diet): casein—200; DL-methionine—3; 
corn oil—S0; cellulose—20; cornstarch—673; salt mix 
(AIN-76, ICN, Cleveland, OH)—S0; vitamin mix (equivalent 
to levels in AIN-76 vitamin mix but containing no added 
sucrose)}—2; choline chloride—2. 


EXPERIMENT 1: FLAVOR PREFERENCES 


In order to develop a catalog of preferred flavors for fu- 
ture cafeteria-type feeding studies, it was necessary to assess 
the preference-aversion function for various types of flavors 
imbedded in a semi-synthetic, nutritionally balanced diet. 
We consider a diet to be nutritionally-balanced when all 
macro- and micro-nutrients are supplied at an optimal level. 
The added flavors were at most 2% of the semi-synthetic 
diet. This amount of flavoring contributes almost no caloric 
or nutritional value to the diet. The use of simple sweet 
stimuli as flavor compounds was not addressed in this design 
because preference by rats for sugars occurs at levels much 
greater than the 2% (e.g., [10]), and saccharin, which is the 
only known non-nutritive sweetener that appeals to rats, is 
not highly palatable when administered in solid diets [11,13]. 

Concentration of each flavor was varied as was time of 
exposure to each concentration (1 hr to 5 days). Two-choice 
preference experiments were used to assess preference of 
each flavored diet. These types of preference tests are often 
used for making qualitative judgments on the sensory prop- 
erties of a specific stimulus. Compared to long-term (e.g., 24 
hr and longer) preference experiments, the brief-exposure 
tests, where the taste stimuli are available for a short (up to 1 
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hr) period, are considered more valid measures of preference 
at the peripheral level with less confounding by 
postingestional factors [17]. Therefore, to determine the 
preference-aversion curve for each food flavor, two-choice 
preference experiments [13] were conducted for both brief (1 
hour) and long-term (up to 5 days) periods. The long-term 
periods were included to determine whether any of the 
flavorings induced aversions due to, for example, gastroin- 
testinal malaise. 


Procedure 


After the acclimation period, rats were divided randomly 
into 10 groups of 7-10 animals each. Preference experiments 
were then begun. During an experiment of 5 days, each 
group was given a choice between (a) a nutritionally bal- 
anced, semi-purified diet containing a specific concentration 
of a single flavor versus (b) the same but unadulterated (con- 
trol) diet. The following flavors (IFF, New York), were 
added to the diet at the expense of cornstarch at one of five 
different concentration levels (g/100 g diet) indicated in Fig. 
1: Nacho cheese, benzaldehyde, banana, bacon, cheddar 
cheese, vanilla, peanut, butter, chocolate, salami, liver, 
bread, cheese paste, chicken, beef. Five concentrations of 
each flavor (seven of benzaldehyde) were tested for a five 
day period. At the beginning of each five-day experiment, 
the location of the 2 food cups for each animal was assigned 
randomly within each group, and during the experiment 
positions of food cups were alternated daily. A brief expo- 
sure, | hr test, was carried out initially, followed by the five 
day test. Total intake from each food cup was measured after 
each experimental time period—after | hr for the brief expo- 
sure test and every 24 hr in the five day test. Rats were 
always naive to the flavor being tested at the beginning of 
each experiment. Since 10 different groups were used, the 
preference-aversion behavior for 2 flavors (2 flavors x 5 





TABLE | 


SUMMARY OF ANOVA VALUES FOR THE INTAKE (g) OF 
FLAVORED AND UNADULTERATED DIETS 





Flavors 


ANOVA Values 


Diet 


(flavored/unflavored) 


Diet x Conc 





Benzaldehyde 


Cheddar cheese 


Peanut 

Beef 

Butter 
Banana 
Cheese paste 
Nacho cheese 
Liver 
Chocolate 
Salami 
Vanilla 
Bacon 

Bread 


Chicken 


F(1,62)=16.4 
p<0.0001 
F(1,40)=3.26 

p<0.08 
F(1,36)=34.0 
p<0.0001 
F(1,40)=278 
p<0.0001 
F(1,45)=3.5 
p<0.07 
F(1,44)=10.7 
p<0.0001 
F(1,45)=41.0 
p<0.0001 
F(1,44)=22.8 
p<0.0001 
F(1,44)=125 
p<0.0001 
F(1,36)=50-7 
p<0.0001 
F(1,42)=14.2 
p<0.0005 
F(1,43)=113 
p<0.0001 
F(1,44)=4.0 
p<0.06 
F(1,43)=61 
p<0.0001 
F(1,41)=230 
p<0.0001 


F(6,62)=4.9 
p<0.01 
F(4,40)=1.5 
N.S.* 
F(4,36)=0.6 
N.S. 
F(4,40)=8.8 
p<0.0001 
F(4,45)=1.7 
N.S. 
F(4,44)=3.9 
p<0.01 
F(4,45)=2.0 
N.S. 
F(4,44)=2.9 
p<0.04 
F(4,44)=2.2 
N.S. 
F(4,36)=2.0 
N.S. 
F(4,42)=7.3 
p<0.01 
F(4,43)=3.3 
p<0.02 
F(4,44)=2.5 
p<0.06 
F(4,43)=3.1 
p<0.02 
F(4,41)=4.9 
p<0.01 





*N.S., Not statistically significant. 


concentrations) could be determined in a single period of 5 
days. Each animal was exposed to a single concentration of a 
flavor for that 5 day period. 

When one experiment of 5 days was completed, all 
animals were assigned randomly into new groups and an 
interval of 9 days was allowed before the next preference 
experiment with 2 new flavors was begun. During the 9 day 
interval, animals were fed the 0.004% citral adulterated diet. 
After 3 experiments (5 days each) were completed (exposure 
to 3 different flavors for each animal, likewise 6 flavors at all 
concentrations for the 10 groups), all rats were replaced with 
new naive animals of the same strain. These new animals 
were acclimated to the laboratory as described above, and 
another experimental sequence begun with the next 6 
flavors. 


Statistical Analyses 


The unit of measure was gram intake of each diet re- 
corded at appropriate time intervals (1 hr or 24 hr). A percent 
preference measure for the flavored diets was calculated by 
dividing g intake of the flavored diet by total g intake from 
both diets and then multiplying the quotient by 100. 
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Two separate analyses of variance (ANOVA) were per- 
formed, and in all cases separate ANOVAs were computed 
for each flavor quality. To determine whether gram intake of 
the flavored and unflavored diets differed, a three-factor 
mixed design ANOVA was performed: Diet (flavored/ 
unflavored) x Concentration x Time. Only the main effect 
of Diet and the interaction between Diet and Concentration 
were considered; interactions with time were not valid be- 
cause of differences in amount consumed in | hr vs. 24 hr. 
Another ANOVA (two-factor mixed design) was performed 
using preference measures in order to determine whether 
percent preference for a flavor was affected by exposure 
time and flavor concentration. Significant Concentration x 
Time interactions were explored with single factor ANOVAs 
and significant main effects with the Newman-Keuls test. 
For all statistical tests, values of p<0.05 were considered 
significant. 

In order to determine whether animals strongly preferred 
or avoided the various flavored diets, a series of t-tests were 
performed to determine whether preference for a diet was 
significantly different than 50% (hedonic neutrality). Tests 
were performed for every flavor concentration at each time 
interval. 


RESULTS 


The data clearly demonstrate that rats were able to detect 
the presence of small additions of the test flavors to the basal 
diet. For all the flavors, gram consumption of the flavored 
diet was significantly different from consumption of the un- 
flavored diet as evidenced by the significant or near signifi- 
cant main effects of Diet (flavored vs. unflavored) (see Table 
1). Additionally, for some flavors, interactions between Diet 
and Concentration were also significant, indicating that the 
amount of added flavor differentially affected consumption 
of the flavored diet. 

Daily total gram intake of both diets was not affected by 
flavor quality or concentration, as evident from Fig. 1 (open 
triangles). Thus, although rats discriminated flavor differ- 
ences, the total daily consumption of food remained con- 
Stant. 

Figure | depicts the percent preference for each of the 
flavored diets as a function of flavor concentration and time 
interval (open circles) and Table 2 presents the results of 
ANOVAs for the preference data. Asterisks above the open 
circles indicate that percent preference was significantly dif- 
ferent than 50%. Not surprisingly, percent preference for the 
flavored diets was affected by flavor concentration for the 
majority of flavors. This effect was reflected in a significant 
or nearly significant main effect of Concentration. It is also 
evident from Fig. 1 that animals infrequently showed any 
marked aversion to the flavored diets; the highest concen- 
trations of banana and benzaldehyde were avoided during 
the entire test period and several other flavored diets were 
avoided initially. Far more often, animals displayed a 
marked preference for the flavor-adulterated diets. 

For 7 of the flavors, preference for the flavored diet was 
also affected by length of exposure (Table 2). Flavors that 
were initially preferred (1 hr) as well as those initially 
avoided showed an effect of time, although a higher percent- 
age of diets initially avoided were affected by length of expo- 
sure. For flavors initially preferred (e.g., peanut), post-hoc 
tests revealed that the most common trend was for both the | 
hr and first day preference to be significantly higher than 
preference expressed on the fourth and fifth days. The diets 
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TABLE 2 


SUMMARY OF ANOVA VALUES FOR PERCENT PREFERENCE FOR THE 
FLAVORED DIETS 





Flavors 


ANOVA Values 


Concentration 


Time 


Conc X Time 





Benzaldehyde 


Cheddar cheese 


Peanut 

Beef 

Butter 
Banana 
Cheese paste 
Nacho cheese 
Liver 
Chocolate 
Salami 
Vanilla 
Bacon 

Bread 


Chicken 


F(6,57)=5.9 
p<0.0001 
F(4,38)=2.3 

p<0.08 
F(4,35)=0.7 
N.S. 
F(4,40)= 10.9 
p<0.0001 
F(4,44)=0.5 
N.S. 
F(4,39)=4.9 
p<0.003 
F(4,45)=2.0 
N.S. 
F(4,39)=1.1 
N.S. 
F(4,42)=2.4 
p<0.07 
F(4,35)=0.9 
N.S. 
F(4,42)=7.0 
p<0.0002 
F(4,40)=2.6 
p<0.06 
F(4,43)=1.9 
N.S. 
F(4,40)=2.5 
p<0.06 
F(4,41)=3.3 
p<0.02 


F(5,285)=4.7 
p<0.0004 
F(5,190)=0.7 
N.S.* 
F(5,175)=4.8 
p<0.003 
F(5,200)=0.3 
N.S. 
F(5,220)= 10.5 
p<0.001 
F(5,195)=0.9 
N.S. 
F(5,225)=3.1 
p<0.01 
F(5,195)=1.0 
N.S. 
F(5,210)=0.6 
N.S. 
F(5,175)=3.2 
p<0.008 
F(5,210)=1.3 
N.S. 
F(5,200)=1.8 
N.S. 
F(5,215)=3.3 
p<0.007 
F(5,200)=1.0 
N.S. 
F(5,205)=1.7 
N.S. 


F(30,285)=1.7 
p<0.013 
F(20,190)=2. 
p<0.004 
F(20,175)=1.3 
N.S. 
F(20,200)=1. 
p<0.07 
F(20,220)=2.2 
p<0.004 
F(20,195)=0.! 
N.S. 
F(20,225)=1. 
N.S. 
F(20,195)=0. 
N.S. 
F(20,210)=0. 
N.S. 
F(20,175)=1. 
p<0.07 
F(20,210)=1.5 
p<0.07 
F(20,200)=1. 
N.S. 
F(20,215)=0. 
N.S. 
F(20,200)=1. 
p<0.07 
F(20,205)=1. 
N.S. 





*N.S., Not statistically significant. 


that were initially preferred did not become aversive, but 
rather animals displayed a reduced preference. When a 
flavor was initially avoided (several concentrations of 
behzaldehyde and the lowest concentration of cheddar 
cheese), the pattern was somewhat different; the results of 1 
hr preference tests differed from preference tests on later 
days (Days 3-5), with animals showing an increasing prefer- 
ence for the flavored diets. 


EXPERIMENT 2: PREFERENCE FOR FLAVORED DIETS OF 
DIFFERENT TEXTURES 


Various sensory factors in food may interact in a complex 
manner. Rats, for example, usually prefer the texture of pel- 
lets to the powdered form of the same diet [1]. However, the 
manipulation of flavor and other textures can reverse this 
preference [13]. Thus, the objective of this experiment was 
to determine how intake of preferred flavors (Experiment 1) 
was affected by food texture in the form of powder and two 
sizes of pellets. 


Procedure 


One hundred and twenty naive rats were divided after 


acclimation into 12 groups of 10 animals each. Each group 
received one of 12 different flavors additions. All 3 food cups 
contained the same nutritionally balanced diet adulterated 
with a preferred level of the same flavor. Flavor concentra- 
tions were chosen based upon results of Experiment 1, using 
the criteria that at this concentration, a preference was noted 
at the initial stage of the preference test and subsequently 
either a preference or indifference was observed, but that no 
aversion actually occurred. The flavors and concentrations 
(g/100 g diet) used were as follows: peanut—0.8; bread— 
0.04; beef—0.8; chocolate—0.4; nacho cheese—0.8; cheese 
paste—0.8; chicken—0.2; cheddar cheese—0.4; bacon—0.3; 
salami—0.3; vanilla—0.4; liver—0.8. 

A three-choice preference test was used to measure pref- 
erence for two sizes of dietary pellets and powdered diet. 
Intake of the three diets was determined at 1 hr and 24 hr 
after introduction of the diets. One cup contained a powder 
form, the second contained small pellets (tablets) with a di- 
ameter of 0.4 cm and the third food cup contained large 
pellets of 1 cm diameter. Pellets of both sizes were made by 
P. J. Noyes Co., NH, from diets prepared in our laboratory. 
To permit the compression of our diets into pellets, all diets 
were prepared with cornstarch type 78-1551 (National Starch 





KO I 
ereteteterete 


Intake of textured diet/total intake (%) 





NAIM ET AL. 


(Cc) Powder (2 Small pellets & Large pellets 


VANILLA 


x) 
yo 


o 
S525 


5070707000 
reretererere 


Time of experiment (hr) 


FIG. 2. Results of three-choice preference tests with nutritionally balanced flavored 
diets offered in texture forms of either powder, small or large pellets. Tests were 
conducted for periods of 1 hour and 24 hours. Values are the mean of data from 10 
rats per each flavored diet. Values not sharing the same letter for each test indicate 


that the intakes were significantly different. 


Co., NJ). The location of the 3 food cups was randomized 
within each cage, and food cup positions were alternated 
after the | hr test. 

One-way ANOVAs were performed separately on the g 
intake data for each three-choice preference test (separate 
analyses for each time interval and flavor). When F values 
were significant (»<0.05), Duncan’s test was used for com- 
parisons among the means. 


RESULTS 


The results of preference tests using three different di- 
etary textures are shown in Fig. 2. In the | hour test, a 
greater intake of the pelleted forms of the diets occurred for 
all the flavors, and this difference was significant for all but 
the beef-, peanut- and bread-flavored diets. The range of 
significant F(2,27) values for the | hr preference tests was 6.1 
to 24.2. As evident from Fig. 2, a preference was expressed 
for both pelleted forms of the diets. However, by 24 hr, 
animals consistently consumed a greater quantity of the 
smaller-sized pellet (0.4 cm). The quantity consumed of the 
three forms differed significantly for all but the cheese 
paste-and bread-flavored diets. The range of significant 
F(2,27) values for the 24 hr preference tests was 8.5 to 64.7. 


GENERAL DISCUSSION 


The present results indicate that rats easily detect the 
flavors of typical ‘‘cafeteria’’ conventional human foods 
when administered in nutritionally balanced diets. Without 
prior experience, rats showed a marked preference for such 
flavors as liver, bread, cheese paste and beef even during the 
first hour of the two-choice test. These flavors are associated 
with nutritious foods, and it is possible that they were in- 
nately preferred by our rats. On the other hand, not all the 
flavors were simple extracts of foods (e.g., benzaldehyde 
{almond]) and thus flavor preferences may reflect other fac- 
tors. Not surprisingly, preference levels varied from one fla- 
vored diet to another, and among different concentrations. 


Among the 15 potent flavors tested, a typical preference- 
aversion curve was observed only for the benzaldehyde (Fig. 
1A) and citral (data for citral are not shown) flavors. Banana 
flavor was not preferred at any concentration. An 0.2% ben- 
zaldehyde or an 0.4% citral flavored diet, concentrations 
which have been used previously to induce hyperphagia in 
the rat [7], were not preferred by our rats when administered 
in semi-purified diets. For cheddar cheese, the higher con- 
centrations were more strongly preferred. Many of the food 
flavors used in the study are a complex mixture of chemicals 
rather than a single stimulus. Thus, the seemingly paradoxi- 
cal finding with cheddar cheese flavoring may have occurred 
because the chemosensory inpact of the flavor at low con- 
centrations was qualitatively different than at higher concen- 
trations. 

Preference for some of the flavored diets shifted as a 
function of length of exposure. It is unlikely that any of the 
observed shifts in preference reflected adverse physiological 
factors because the pattern of time-related shifts in prefer- 
ence was slow to develop (2-4 days), not entirely consistent 
across concentration, and never changed from a preference 
to an aversion. For example, diets initially strongly preferred 
came to be less preferred, but only for 0.2% butter did an 
aversion develop. Only for the highest concentrations of ben- 
zaldehyde and banana were diets initially avoided in the 
first hour of testing and subsequently avoided for all 5 days. 
Altogether, the shifting pattern of preferences appeared to 
reflect sensory rather than adverse physiological factors. 

Whether a specific diet was preferred or not, daily total 
food intake was not affected by the flavored diets during the 
test period. Thus, as we and others have previously reported 
[6,12], the presence of a single appealing or a single aversive 
taste stimulus does not affect total food intake when nutri- 
tionally balanced diets are used. Moreover, our recent re- 
sults indicated that even the multi-choice presentation of 
these appealing flavors to rats did not induce overeating over 
the long-term when nutritionally-balanced diets were used 
[14]. Should one conclude, therefore, that the flavor of a diet 
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does not contribute to a long-term hyperphagia? At present, 
the answer to this question is not simple. Offering rats a 
sucrose solution in addition to water along with their stock 
diet produced overconsumption of calories [5]. It is possible 
that a taste stimulus in and of itself does not contribute to 
marked and sustained hyperphagia, but when coupled with a 
physiological feedback (e.g., the appealing taste of sucrose 
and its postabsorptive effects [2] overconsumption is in- 
duced. 

A strong preference for pelleted over powdered forms of 
each flavored diet was shown by these experiments (Fig. 2). 
One hour and 24-hour tests were similar in demonstrating 
that animals did not prefer the powdered form of diet, but the 
two measures differed in the relative preference for the 
smaller- and larger-sized pellets. By the end of the 24 hr test 
a greater preference for the smaller-sized pellet was evi- 
denced by all animals except those offered the bread- and 
cheese paste-flavored diets (Fig. 2). While these results 
therefore indicate a high preference for flavored-pelleted di- 
ets, the contribution of texture to the high palatability of the 
‘‘cafeteria’’ foods for rats has not been fully explored in this 
study. The *‘cafeteria’’ foods, for example, are rich in fat and 
this produces a greasy type of texture [3]. The contribution 
of the sensory properties of fat remain to be explored. 
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In summary, the above preference tests with nutritionally 
controlled diets provide a catalog of about 12 preferred food 
flavors for the Sprague Dawley rat. It is significant that only 
small quantities of these potent flavors are required to 
produce differential consumption. This is important because 
these flavors can be added to diets without significantly 
modifying dietary composition, thus reducing a potential 
confounding factor in interpretation of studies that vary 
flavor. One should be mindful however, both that the results 
of these tests may not be entirely applicable to other strains 
of rats and that there are individual differences in expressed 
flavor preference. 
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YEO, J. A.G. AND E. B. KEVERNE. The importance of vaginal-cervical stimulation for maternal behaviour in the rat. 
PHYSIOL BEHAV 37(1) 23-26, 1986.—Non-parturient female rats were primed with oestrogen and given 5 minutes of 
vaginal-cervical stimulation before foster pups were introduced to them. Virgin and multiparous Wistar rats were used and 
half the females were ovariectomised. Half of each group was given vaginal-cervical stimulation and the other half was 
handled for the same time period. An animal was designated ‘‘maternal”’ if it showed all components of maternal behaviour 
(i.e., retrieving, licking, and crouching). A group of normal, parturient females was observed to compare their normal 
maternal behaviour with that of experimental animals. Significantly more intact multiparous females showed immediate 
maternal behaviour after stimulation (75%) than after handling (30%, p<0.04). However, virgin females showed no mater- 
nal behaviour in response to vaginal-cervical stimulation. This study shows that sensory input from the vagina plays an 
important role in the immediate induction of maternal behaviour, but this effect is synergistic with that of hormones and 


experience. 
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THE period following parturition in the rat is thought to be 
an important transition phase when those factors essential 
for the onset of maternal behaviour give way to those that 
are critical for its maintenance [1, 2, 13]. The onset of mater- 
nal behaviour is, in part, governed by endocrine processes, 
and many experiments have directed attention at the hor- 
monal control of maternal behaviour, especially with respect 
to oestrogen, progesterone, and prolactin. Various regimes 
of these three hormones have been administered and shown 
to reduce the latency to onset of maternal behaviour in the 
non-parturient rat [8]. A rise in oestrogen following pro- 
longed progesterone/oestrogen stimulation is the most suc- 
cessful hormonal stimulus for induction of maternal be- 
haviour [3,15]. Nevertheless, such hormonal treatment of 
non-pregnant rats achieves successful maternal behaviour, 
at best, some 23 hours after exposure to pups [3]. Clearly, 
additional mechanisms other than hormonal priming are es- 
sential for a rapid onset of natural maternal behaviour if the 
pups are to survive. In this context, recent studies tracing in 
detail the onset of maternal behaviour and the appearance of 
maternal aggression suggest a strong correlation between 
maternal behaviour and the onset of uterine contractions 
during parturition [7]. Moreover, severing the pelvic nerve 
has been shown to delay the onset of oestrogen-induced 
maternal behaviour in pregnant females that have been hys- 
terectomised on day 16 of pregnancy and normally show a 
short latency onset in maternal behaviour. Hence the pur- 
pose of this study is to examine if vaginal-cervical stimula- 
tion may enhance the rapid onset of maternal behaviour in 
oestrogen primed non-pregnant rats. 


METHOD 
Subjects 


The subjects in the first four groups (ovariectomised vir- 
gin + and — stimulation [stim], intact virgin + and — stim) 
were 40 virgin female Wistar rats, 8-10 weeks old, weighing 
250-300 g. In the last four groups (ovariectomised multipar- 
ous + and — stim, intact multiparous + and — stim) the 
subjects used were 42 multiparous Wistar rats (Bantin and 
Kingmans Ltd.) weighing approximately 300 g. All multipar- 
ous rats had been weaned at least 6 weeks before they were 
used in the experiment. A control, comparative group of 6 
parturient mothers was also used. Their normal maternal 
behaviour was observed following the same experimental 
procedure as the other animals. Rats were housed in colony 
cages, 7 to a cage (32x50 18 cm) containing wood shavings 
as bedding. Water and food (Dixons Lab Diet 41B) were 
supplied ad lib. The animal rooms were maintained at 21°C 
on a 12:12 day night cycle with lights on at 06:00, lights off 
18:00. 


Surgical Procedure 


Half the animals (i.e., 4 groups) were ovariectomised 
under Avertin anaesthetic (1 ml/100 g) by making a dorsal 
incision, taking out the ovary on one side through a hole in 
the muscle wall, clamping and tying it off from the uterus 
before removing it. The uterus was replaced into the body 
cavity and the procedure repeated on the other side. Rats 
were allowed at least 3-4 weeks to recover before they were 
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FIG. 1. Percentage of intact, multiparous rats showing fully mater- 
nal behaviour and its different components within the 0, 1 and 2 hour 
observation points. (+stim) @—®; (—stim) @— —®. *p<0.04. 


used in the experiment. All rats, approximately 24 hr before 
testing, were given a subcutaneous injection of oestradiol 
benzoate (Intervet) at a dose of 100 mg/kg where 100 mg was 
in | ml arachis oil. 


Testing Procedure 


During experimental testing rats were taken from the 
group cage and put in individual cages (32 x20 18 cm) with- 
out food or water. They were allowed to acclimatise for 5 
min in the test cage before behavioural testing. Test pups, 
1-3 days old, came from donor Wistar mothers. Pups were 
taken from the mother 5 min before testing and kept warm 
under a lamp on a bed of cotton wool until used for testing. 
The experimental rats (+ stim) were stimulated for 5 min 
using a glass rod (3x 180 mm) inserted into the vagina and 
rotated manually for 5 min, in the presence of one rat pup. 
Control females (— stim) were handled for 5 min, again in the 
presence of a pup. At the end of the 5 min period 3 pups were 
placed in an imaginary triangle, the apices being the 3 sides 
of the test cage, the rat was put in with them and the 
stopclock started. Maternal behaviour over the next 15 
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FIG. 2. Number of 20 sec bouts recorded over a 15 minute observa- 
tion period and cumulative time spent crouching for 0, 1 and 2 hour 
observation points. Dotted column indicates +vaginal stimulation; 
open column indicates — vaginal stimulation. *p<0.04. 


minutes was scored in which the 15 min was broken into 
45x20 sec intervals. The following 3 behaviours were re- 
corded: (1) retrieving—a female had to pick up a pup in her 
mouth and carry it around. The duration of this behaviour 
and retrieval latency were recorded. (2) licking—when a 
female licked the pups vigorously, especially around the 
ano-genital region. (3) crouching—when the female arched 
her back and leaned over the pups exposing her ventral sur- 
face. This behaviour was recorded with a stopwatch only if 
all 3 test pups were in the nest. 

The results for each component of maternal behaviour 
were tabulated in the number of 20 second bouts that oc- 
curred. In the case of crouching behaviour the cumulative 
time spent crouching was given in seconds. 

The experimental procedure included the following se- 
quence of events: 5 min stimulation, 15 min observation, left 
for 1 hour, 15 min observation, left for 1 hour, 5 min stimula- 





VAGINAL STIMULATION AND MATERNAL BEHAVIOUR 


tion, 15 min observation, test terminated. Before each of the 
2 remaining observations after the initial one, the pups were 
again put in an imaginary triangle. 

An animal was said to be ‘‘fully maternal’’ when it 
showed all components of maternal behaviour that were 
scored. A female was a cannibal if she started to eat the 
pups. In these cases the remaining pups were removed and 
the female discounted from further study. 


Statistical Analysis 


The results for the number of females that showed fully 
maternal behaviour were analysed using a Chi-square test. 
The components of maternal behaviour, being scored in sec- 
onds, were analysed using a Student’s t-test. A probability of 
p<0.05 (2-tailed) was considered significant. 


RESULTS 


Only two out of ten of the stimulated, ovariectomised, 
virgin females (group 1) showed maternal behaviour and 
none (0/10) of the unstimulated, ovariectomised virgin 
animals (group 2) showed any component of maternal be- 
haviour in the time permitted. The intact virgin group also 
showed very little maternal behaviour with 3/10 from the 
stimulated animals (group 3) and 0/10 from the unstimulated 
animals (group 4) showing maternal behaviour. In the fifth 
group 2/10 stimulated, ovariectomised, multiparous, females 
showed maternal behaviour, while the unstimulated animals 
showed no maternal behaviour at all (0/10). There was no 
significant difference between the stimulated and the 
nonstimulated animals in these six groups. 

In the seventh and eighth group where the females were 
multiparous and intact there was a difference between the 
stimulated and nonstimulated animals. At the three hour 
time point there was a significant difference in all three be- 
haviours, retrieving, licking and crouching and in the overall 
score of ‘‘fully maternal’’ behaviour (p<0.04). 

When the behaviour was broken down into the different 
components, at the 0 hour time point retrieving was signifi- 
cantly different, 1(20)=2.16, p><0.04, between the stimulated 
and unstimulated animals. At the | hour time point licking 
was significantly different between them, 17(20)=2.14, 
p<0.04. At the 2 hour time point all three behaviours were 
significantly different between the stimulated and nonstimu- 
lated animals (retrieving, 1(20)=2.54, p<0.02; licking, 
1(20)=2.96, p<0.0076; and crouching, #(20)=2.10, p<0.04). 

The behaviour shown by the stimulated, multiparous, in- 
tact females was similar to that of normal, parturient 
mothers. At the 0 hour time point there was no significant 
difference between the two groups on any behavioural score. 
At the | hour time point the parturient mothers showed sig- 
nificantly more retrieving, 1(10)=—2.350, p<0.05, while the 
stimulated, non-parturient females showed significantly 
more licking, #(12)=2.535, p<0.05. At the 2 hour time point 
the parturient mothers again showed significantly more re- 
trieving than the stimulated females, 1(9)=—2.590, p<0.05, 
but were not significantly different on licking or crouching. 


DISCUSSION 


These experiments have demonstrated that vaginal- 


cervical stimulation is an important sensory event which 
facilitates an early onset of maternal behaviour with laten- 
cies sufficiently short as to be comparable with natural ma- 
ternal behaviour. Indeed, the vaginal stimulation of multipar- 
ous females induced all aspects of maternal behaviour with 
latencies indistinguishable from those of post-parturient 
females. Although the normal mothers showed more re- 
trieval behaviour, the stimulated females displayed more 
licking behaviour. The precise neural mechanism is at pres- 
ent unknown. However, vaginal-cervical stimulation has 
long been known to release oxytocin, which further pro- 
motes uterine contraction, an event that is strongly corre- 
lated with the onset of maternal behaviour at parturition [7]. 
Moreover, intracerebral infusion of oxytocin into the lateral 
ventricles has been claimed to induce rapid maternal be- 
haviour in non-parturient rats [4, 9, 10]. Recent studies have 
also shown that oxytocin anti-serum infused ICV delays the 
onset of steroid-induced maternal behaviour in virgin rats 
[11], while oxytocin antagonists infused ICV delay the rapid 
onset of maternal behaviour normally seen in oestrogen- 
primed pregnancy-terminated rats [5]. Hence, there is strong 
evidence in favour of intracerebral oxytocin promoting ma- 
ternal behaviour, and since this hormone does not cross the 
blood brain barrier, then presumably vaginal stimulation 
promotes a synchronised release of oxytocin both within the 
brain and from the pituitary. 

It is our belief that vaginal-cervical stimulation was effec- 
tive only in intact females because ovariectomy may have 
caused non-specific damage to the neural pathways by which 
cervical stimulation promotes maternal behaviour. How- 
ever, the additional hormonal priming in intact compared to 
ovariectomised females may also have been of significance 
to the more rapid onset of maternal behaviour [15]. 

Previous studies have shown that a non-specific tactile 
stimulus (tail pinch) also advances the onset of maternal be- 
haviour but only after 2-3 days of sensitization to pups [16]. 
Hence the importance of vaginal-cervical stimulation as a 
specific tactile cue for the onset of maternal behaviour was 
demonstrated here by its more rapid effectiveness within 
hours. The short latency maternal behaviour seen in these 
studies did, however, require previous maternal experience 
(multiparous females). Hence recall of the learning process 
established at the first parturition appears to be facilitated 
following vaginal-cervical stimulation in these rats. The pre- 
cise neural mechanism is unknown but may involve the as- 
cending noradrenergic neurons, since vaginal-cervical stimu- 
lation is known to increase activity in the noradrenergic sys- 
tem [14]. Moreover, in sheep, where vaginal stimulation in- 
duces rapid maternal behaviour [6], lesions to these path- 
ways impair the expression of maternal behaviour by pre- 
venting olfactory recognition [12]. Since olfactory cues are 
particularly important for the transition from aversion to ac- 
ceptance, in the pre-partum female rat’s response to the 
newborn, and since noradrenergic mechanisms are of par- 
ticular significance for the formation of olfactory memories 
in rodents [14], vaginal-cervical stimulation may also be 
facilitating maternal behaviour by calling up these neural 
mechanisms. In conclusion, vaginal-cervical stimulation is of 
importance for the expression of maternal behaviour, provid- 
ing the female is maternally experienced, and has the appro- 
priate hormonal priming. 
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TYLER, C. B. AND C. ADVOKAT. Investigation of ‘‘cross-tolerance’’ between systemic and intrathecal morphine in 
rats. PHYSIOL BEHAV 37(1) 27-32, 1986.—Animals were implanted subcutaneously with morphine or placebo pellets 
and assessed daily on the hot plate or the tail flick test. After tolerance developed to morphine-induced analgesia the 
response to an acute systemic (1-6 mg/kg SC) or intrathecal morphine injection (0-30 wg) was determined. ‘*Cross- 
tolerance’’ was observed on both the hot plate (6 mg/kg) and the tail flick tests (3 and 6 mg/kg) between the two different 
routes of subcutaneous administration. ‘‘Cross-tolerance’’ was also observed between systemic and intrathecal morphine 
on the hot plate test. However, no “‘cross-tolerance’’ between systemic and spinal morphine was observed in animals on 
the tail flick test. Assessment of naloxone-precipitated withdrawal indicated that morphine implanted animals showed more 
abstinence signs (wet shakes and teeth chattering) than placebo animals. These results suggest that the nociceptive 
assessment procedure plays a significant role in the expression of “‘cross-tolerance’’ between systemic and spinal opiates. 

Opiate tolerance and analgesia Tail flick 


Intrathecal morphine Hot plate 





ALTHOUGH they remain the primary pharmacological 
treatment for acute and chronic pain, the efficacy of opiate 
compounds has been limited by two significant disadvan- 
tages. One problem is that of side effects, especially the 
potentially fatal side effect of respiratory depression. A sec- 
ond problem is that of tolerance, or the diminished potency 
that presumably occurs during chronic exposure. 

Recently, as a result of the significant research initiated 
by Yaksh and his colleagues, the possibility arose that these 
problems might be overcome. Their studies demonstrated 
that substantial analgesia could be induced by the direct spi- 
nal action of opiates, a route which would presumably 
bypass higher brain centers and eliminate at least some of the 
untoward side effects. In response to the local injection of 
Opiates onto the spinal cord, signficant analgesia was ob- 
tained not only in a variety of experimental animal and 
human models, but in numerous clinical situations as well 
[9,28]. 

Unfortunately the spinal route did not eliminate the side 
effects associated with opiate medication. Opiate side effects 
were more prevalent in clinical stiuations than they had been 
in the initial animal research. Subsequent investigations in 
animals have confirmed the fact that nonanalgesic actions of 
opiates such as pruritis, urinary retention, sedation and res- 
piratory depression can also be elicited by spinal administra- 
tion under experimental conditions [28]. 





A more complex situation has developed with respect to 
the phenomenon of tolerance. In their investigations, Yaksh, 
and co-workers reported that tolerance developed rapidly to 
chronic spinal morphine injections in standard experimental 
analgesic assays such as the hot plate, tail flick and shock 
titration tests. Such a decrement was similar to that 
produced by chronic exposure of laboratory animals to sys- 
temic opiates. In several clinical studies however, spinal 
morphine appeared to maintain its analgesic potency, specif- 
ically among patients receiving treatment for chronic 
cancer-related pain [8, 10, 11, 15, 29]. Moreover, the data in 
these reports indicated that such patients, who were at least 
partially tolerant from exposure to previous systemic opiate 
medication, were analgesic in response to the same doses 
which were effective in acute postoperative pain patients. 
This observation implied that such patients were not 
‘*cross-tolerant’’ to spinal morphine. 

The fact that analgesia was maintained during weeks of 
spinal infusion, however, may not be related to the route by 
which the opiate is administered. Several reports, from both 
clinical [16, 17, 22, 24] and laboratory [1, 2, 7] situations have 
shown minimal tolerance even during chronic systemic 
opiate treatment. One characteristic shared by these studies, 
which might account for the lack of tolerance, is the nature 
of the painful condition. In situations where tolerance was 
minimal, the nociceptive stimulus was chronic and inescap- 
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able. This suggests that, regardless of the route of adminis- 
tration, tonic inescapapble pain may be less susceptible to 
analgesic tolerance than acute pain such as that induced by 
the tail flick and hot plate tests, which are normally used to 
assess tolerance in laboratory animals. 

Recent studies suggest, however, that the dichotomy be- 
tween acute and chronic pain cannot completely account for 
the lack of tolerance. Results from our own laboratory 
[4,23], as well as that of Lange and his colleagues ([13, 14, 
19], see also [18]), have shown minimal ‘‘cross-tolerance” 
between systemic and spinal morphine on the nociceptive 
tail flick reflex. These data indicated that, even in an acute, 
escapable pain condition, spinal morphine may retain its an- 
algesic potency following repeated administration. As a re- 
sult of this unexpected finding, we examined another acute 
nociceptive response, the hot plate response. In contrast to 
the tail flick reflex, the hot plate response did exhibit 
‘*cross-tolerance’’ between the systemic and spinal route. 

These experiments, comparing ‘‘cross-tolerance’’ be- 
tween systemic and spinal morphine on the two nociceptive 
tests are described in this paper. The data suggest that the 
analgesic consequences of chronic morphine are partly a 
function of the behavioral response which is used as the 
nociceptive index. Reflexes which are primarily mediated at 
the level of the spinal cord (e.g., the tail flick [6,12]) may be 
less susceptible to response decrement as a result of chronic 
opiate exposure than more complex supraspinally inte- 
grated behaviors (e.g., the hot plate) even though the nox- 
ious stimulus in each case is acute and escapable. The 
intrathecal technique of opiate administration may be useful 
for elucidating those conditions which promote or retard 
tolerance under both clinical as well as laboratory condi- 
tions. 


METHOD 
Subjects 


Male albino Sprague-Dawley rats (King Labs, Oregon, 
WI) weighing 350-400 g served as subjects. After surgery they 
were housed individually, so that the spinal catheters would 
not be damaged by cage mates. All animals had continuous 
access to food and water throughout the experiments. 


Spinal Catheterization 


Every animal in these experiments was implanted with a 
spinal catheter. The surgical technique, derived from the 
method of Yaksh and Rudy (see [28]), allowed insertion 
under ether anesthesia of an 8.0 cm catheter of polyethylene 
tubing (PE 10) filled with sterile saline into the spinal sub- 
arachnoid space. The catheter was held in place against the 
skull with adhesive. The incision was closed and the exposed 
tip of the catheter was heat sealed. When spinal injections 
were made, the tip was cut and then resealed after drug 
administration. Any animal that was crippled after surgery 
was sacrificed. 


Analgesiometric Tests 


Two tests were used to assess analgesia to thermal pain: 

Tail flick test (TF). A high intensity light was focused on 
the animal’s tail and the latency to move the tail out of the 
light beam was automatically measured. Three trials were 
conducted for each session and the mean of these scores was 
used as the latency for the session. In order to minimize 
tissue damage, a different patch of skin was stimulated on 
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each trial. The trial was terminated if an animal failed to 
respond within 14 sec, and the animal was assigned a 14 sec 
latency. The pre-drug, median latency of the rats who were 
implanted with morphine pellets was 7.4 sec, the latency of 
the placebo rats was 8.2 sec. 

Hot plate (HP) test. A Plexiglas cylinder (28.5 cm in height 
x 20.5 cm in diameter), which restrained the rat, was placed 
on the top of a metal plate. The temperature of the plate was 
maintained at 54+1.0°C by a heated water bath. Animals 
were placed within the cylinder and the latency until either 
the animal licked its hind paws or jumped out of the cylinder 
was manually recorded. Animals not responding within 40 
sec were removed and assigned a response latency of 40. 
Each session consisted of a single trial. The pre-drug latency 
of the morphine implanted rats was 11 sec, that of the 
placebo implanted rats was 10 sec. 


Withdrawal 


Withdrawal was precipitated 24 hr after the last nocicep- 
tive test with an SC injection of naloxone hydrochloride (0.4 
mg/kg, Endo Labs, Garden City, NY) and was assessed by 
noting the occurrence of wet dog shakes (brief episodes of 
shaking of the trunk) and the occurrence of teeth chattering 
for the next 15 min. 


Autopsy 


At the end of each experiment all animals were sacrificed 
with chloroform and the spinal column and the back of the 
skull removed. The spinal column was opened and the 
placement of the catheter was traced. Any rat with an im- 
properly placed catheter, i.e., one that was inside rather than 
outside the spinal cord, was excluded from the experiment 
and the data from that animal were omitted from the 
analyses. 


Statistical Analyses 


Many of the analgesic scores in these experiments 
reached the cut-off points of the respective tests. For this 
reason, the data were analyzed with nonparametric statistics 
[20]. Differences between groups were determined with the 
Mann-Whitney U-test or the Chi-square test. Within group 
differences were evaluated with the Wilcoxon f-test. The 
Kruskal-Wallis one way analysis of variance was used to 
assess differences among the groups. All levels of signifi- 
cance were set at p<0.05 two-tailed, unless otherwise noted. 


Procedures 


Tolerance. Following recovery from spinal catheterization 
(approximately one week), all animals received a pre-drug 
assessment on either the HP or the TF test. After this 
baseline evaluation each rat was implanted with one pellet, 
either morphine (containing 75 mg of morphine base) or 
placebo (containing the excipient only). On the following 
day, two more pellets were implanted and all rats were tested 
three hours later to determine the degree of analgesia. Tests 
were repeated daily until latencies returned to baseline val- 
ues. When this criterion was reached, each animal received 
an acute morphine injection followed by a final post-injection 
test. This treatment constituted the ‘‘cross-tolerance”’ 
assessment condition. The rats differed in the route by which 
the challenge dose was administered. 





*“CROSS-TOLERANCE” OF SC AND INTRATHECAL MORPHINE 


TEMIC CHALLENGE 

Sys placebo —O~— 

pretreatment 

A morphine — eo 
HOT PLATE 

30 


— 


B TAIL FLICK 


CHANGE IN LATENCY (sece) 











3 6 


DOSE MORPHINE (mg/kg) 


FIG. 1. Median change in latency on the hot plate (Part A) and the 
tail flick tests (Part B) in placebo (open circles) and morphine (closed 
circles) pellet implanted animals, in response to an acute subcutane- 
ous injection of various doses of morphine. Each point represents 
the data from 4-6 rats. *p<0.008, **p<0.05, one-tailed. 


Subcutaneous Administration 


In the first experiment all rats received a subcutaneous 
injection of morphine sulfate (Merck, Rahway, NJ) dissolved 
in 0.9% sterile saline, in a volume of 1 ml/kg. Animals tested 
on the TF (total N=37) received either 1, 2, 3 or 6 mg/kg; 
animals tested on the HP (total N=30) received either 1, 3 or 
6 mg/kg. Approximately 40 min later all rats were retested to 
determine the degree of ‘‘cross-tolerance’’ between the sub- 
cutaneous pellet implants and the subcutaneous injection. 


Intrathecal Administration 


Between subject. In the second experiment all rats re- 
ceived an intrathecal morphine injection in a volume of 10 yl 
of sterile saline followed by a 10 wl wash of saline. Animals 
tested on the TF (total N=51) received either 0, 2.5, 5.0 or 15 
pg of morphine; animals tested on the HP (total N=52) re- 
ceived either 0, 5.0, 15 or 30 wg of morphine. These doses 
were chosen because they effectively induced an 
antinociceptive reaction on the respective tests which, at the 
highest doses, reached the cut off points [3]. Approximately 
40 min later all rats were retested to determine the degree of 
‘*cross-tolerance’’ between the subcutaneous pellet implant 
and the intrathecal injection. On the following day with- 
drawal was assessed in all rats, and those animals who had 
been implanted with morphine pellets were autopsied. 

Within subject. All placebo animals who had completed 
the procedures described above received one week of rest, 
followed by a pre-drug evaluation on their respective test. 
They were then reimplanted with morphine pellets and re- 
ceived the standard daily HP or TF assessment. When 
latencies again returned to baseline, each rat received a sec- 
ond intrathecal injection at the same dose as the first. That 
is, the HP tested animals received a second injection of 
either 0, 5.0, 15, or 30 wg while the TF tested animals re- 
ceived a second injection of either 0, 2.5, 5.0 or 15 wg. After 
approximately 40 min, all rats received their final test to 
determine the analgesic efficacy of the second intrathecal 
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FIG. 2. Median change in latency on the hot plate (Part A) and the 
tail flick tests (Part B) in placebo (open circles) and morphine (closed 
circles) pellet implanted animals, in response to an acute intrathecal 
injection of various doses of morphine. Each point represents the 
data from 4~7 rats. *p<0.002. 


injection. On the next day, these rats underwent withdrawal 
testing and subsequent autopsy. 


RESULTS 
Tolerance 


Three hours after morphine pellet implantation, animals 
assessed on both the HP and the TF tests were significantly 
analgesic (p<0.002 for each test). Morphine latencies de- 
clined across daily test sessions until the scores of morphine 
implanted animals no longer differed from those of placebo 
implanted animals after five sessions. 


**Cross-Tolerance”’ 


Systemic challenge. After tolerance had developed (ses- 
sion 5) the animals in this experiment received an acute sub- 
cutaneous injection of morphine followed 40 min later by a 
post-injection test. The difference in latency between these 
two tests was determined for each rat, and the median of the 
difference scores is shown in Fig. 1. Hot plate latencies of 
placebo-pelleted rats (Part A) were significantly higher than 
those of morphine-pelleted rats following systemic adminis- 
tration of morphine at the 6 mg/kg dose (U=0, n=5,5, 
p<0.008) but not at the 1 and 3 mg/kg doses. Tail flick laten- 
cies of placebo-pelleted rats (Part B) were significantly 
greater than those of morphine-pelleted rats at the two higher 
doses of 3 mg/kg (U=4, n=5,5, p<0.05, 1-tailed) and 6 mg/kg 
(U=0, n=5,4, p<0.008), but not at the two lower doses of | 
and 2 mg/kg. Although this result was to be expected on the 
basis of extensive published results (including our own), we 
felt that it was important to include this assessment because 
it utilized the protocol with which the effect of spinal mor- 
phine was evaluated. 

Spinal challenge-between subjects. In response to 
intrathecal saline (0 4g) there was no difference in the la- 
tency change between morphine and placebo implanted 
groups. 
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TABLE 1 





Placebo 


Wet Teeth Wet 
Shakes Chatter 


Morphine 
Teeth 


Shakes Chatter 





Systemic 


Spinal 
Between Subjects 


Within Subjects 


33 


36 


37 36 





The number of animals pretreated with morphine or placebo pellets, who exhibited abstinence signs 
(wet shakes and teeth chatter) during naloxone precipitated withdrawal (0.4 mg/kg) 24 hr after an acute 


systemic or spinal morphine injection. 
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FIG. 3. Median change in latency on the hot plate (Part A) and the 
tail flick tests (Part B) in rats, in response to an acute intrathecal 
injection of various doses of morphine. The open circles represent 
the response of rats after placebo implants; the filled circles repre- 
sent the response of the same animals after they were implanted 
with, and became tolerant to, morphine pellets. Each dose sum- 
marizes the data from either 6 or 7 animals. The respective placebo 
scores were also shown in Fig. 2. *p<0.05. 


As indicated in Fig. 2 (Part A) latencies on the hot plate of 
placebo-pelleted rats were significantly higher than those of 
morphine-pelleted rats following intrathecal administration 
of morphine at the 30 wg dose (U=1, n=7,7, p<0.002), but 
not at the two lower doses of 5 and 15 wg. Although the 
lowest (5 xg) dose appeared to paradoxically increase the HP 
latencies of morphine-pelleted rats, this difference was not 
Statistically significant (U=11.5, n=6,6, p<0.35). 

As shown in Panel B of Fig. 2 the analgesic effect of spinal 
morphine in animals tested on the TF was similar for placebo 
and morphine implanted groups. The values of the placebo 
implanted animals failed to differ from those of the morphine 
implanted animals at all doses. Even though the morphine 
group showed less of an increase than the placebo group at 
the intermediate 5.0 ug dose, this difference was still not 
“*statistically significant,’ (for 2.5 pg, U=19, n=7,7, 
p<0.27; for 5.0 ug, U=16, n=7,7, p<0.16). 

Spinal challenge-within subject. Intrathecal saline did not 


change the baseline values of either HP or TF groups. Fig. 3 
compares the scores obtained from animals after placebo 
pellets (data from Fig. 2) with their scores after morphine 
pellets. As shown in Panel A, intrathecal morphine injections 
of both 15 and 30 wg produced significantly less change in 
latency, i.e., tolerance, on the HP after chronic exposure to 
systemic morphine (T=0, n=6, p<0.05 in each case). 

The results on the TF however, differed from the results 
on the HP. After reimplantation with morphine pellets and 
reassessment at the previous dose, there was no difference 
between the pre- and post-morphine implant scores at any of 
the doses. Although reactions to the lowest and highest dose 
appeared to be slightly diminished these differences were not 
statistically significant (for 2.5 wg, T=7, n=7, NS; for 15 wg, 
T=3, n=6, NS). 


Withdrawal 


Table 1 shows the number of animals out of the total 
N (indicated) that exhibited each of the two abstinence re- 
sponses. Regardless of whether the challenge was systemic 
or spinal, morphine pellets produced significantly more signs 
of withdrawal on both measures than placebo pellets (Chi- 
square analysis of wet shakes: systemic, 18/33 vs. 33/34, 
x?= 16.6, p<0.001; spinal 7/57 vs. 36/50, x?=88.75, p<0.001). 
These data are not surprising since it would be expected that 
the morphine pellets would induce dependence as well as 
tolerance. In addition to this general effect, however, there 
was also a difference between the two routes of administra- 
tion with respect to the frequency of wet shakes. That is, the 
occurrence of wet shakes after a subcutaneous injection of 
morphine was greater than after an intrathecal injection, for 
both the placebo (18/33 vs. 7/57, x?=18.45, p<0.001) and 
morphine conditions (33/34 vs. 36/50, x?=8.75, p<0.01). The 
elicitation of wet shakes in placebo pretreated animals indi- 
cates that a single systemic or spinal dose of morphine can 
produce this abstinence sign. However in the absence of data 
from morphine free animals, it is not possible to determine 
whether this result is due to the opiate or the injection per se. 


DISCUSSION 


As expected from previous investigations, systemic mor- 
phine pretreatment reduced the analgesic effect of subse- 
quent systemic morphine on both the hot plate and tail flick 
tests (Fig. 1). Not only was the response to an acute chal- 
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lenge significantly diminished after morphine pellet implants 
but such pretreatment produced significant withdrawal in re- 
sponse to an opiate antagonist (Table 1). 

The analgesic effect of intrathecal morphine was also rep- 
licated in these studies, in that we also obtained maximum 
analgesia at doses between 10 and 30 yg on the tail flick and 
hot plate tests ({26,27], see also [21]). 

In addition, we also obtained ‘“‘cross-tolerance’’ to spinal 
morphine in morphine pretreated rats who were assessed on 
the hot plate. When the placebo and morphine pretreatments 
were applied to different groups of rats, ‘‘cross-tolerance”’ 
was significant at the highest challenge dose; when the same 
rats were evaluated after both placebo and morphine pre- 
treatment the degree of ‘‘cross-tolerance’’ was even more 
pronounced. These data are comparable to those of Yaksh 
who observed “‘cross-tolerance’’ on the hot plate to doses of 
either 15 or 50 wg after 7 days of morphine injections (20 
mg/kg, IP, 2x/day). That ‘‘cross-tolerance’’ on the HP was 
greater on a within-subject basis (Fig. 2) than between- 
subjects (Fig. 3) may be due to the fact that the former 
animals received more practice with the test, or that they 
received a second spinal injection, or both. 

However in contrast to the results on the hot plate assay 
we were unable to obtain a statistically significant decrement 
to intrathecal morphine on the tail flick reflex following sys- 
temic morphine pretreatment. In response to an acute spinal 
challenge, morphine tolerant rats were as responsive as 
placebo rats at all of the doses tested. In particular the fact 
that “‘cross-tolerance”’ was not elicited by a 15 wg dose is in 
conflict with the data of Yaksh et a/. who found a maximum 
amount of generalization between systemic and spinal mor- 
phine at this dose. 

To our knowledge the only other group which has con- 
ducted a similar investigation of spinal morphine in animals 
pretreated with systemic morphine is Lange ef al. ({13, 14, 
19], see also [18]). In accord with our results they also re- 
ported that mice implanted with morphine pellets were not 
‘*cross-tolerant’’ on the tail flick either to intrathecal or in- 
traventricular morphine. In comparing these results two 
procedural variables are evident which might have contrib- 
uted to the difference in outcome. First, Yaksh’s animals 
were tolerant as a result of chronic daily injections, whereas 
in these and in Lange’s studies, tolerance was induced by 
morphine pellets. Second, Yaksh’s animals were assessed on 
both nociceptive tests whereas we used different animals for 
each of the tests, and Lange only examined the tail flick. 

The first consideration then, concerns the route by which 
the animals were made tolerant. However, this variable can- 
not be the source of the discrepancy in the TF test results. If 
that were so, then our results would also differ on the HP. 
Instead, we replicated the finding of ‘‘cross-tolerance”’ be- 
tween systemic and spinal morphine on the HP [25]. 

Rather, the data support a speculation that some type of 
‘*functional barrier’ might account for the lack of ‘‘cross- 
tolerance’’ [13]. This term may include behavioral factors, 
such as the sensory-motor characteristics of the nociceptive 
response. It has long been appreciated that the two nocicep- 
tive responses used in these studies do have different func- 
tional characteristics. The defensive tail withdrawal reflex is 
a more elementary response than the various integrated be- 
haviors (paw-lick or jump) that define the hot plate reaction. 
The former can be elicited in a spinal animal [6,13] whereas, 
after spinal transection a rat cannot jump or lick its hindpaws 
in response to the hot plate stimulus. 

Presumably, in the intact animal, tolerance to systemic 


morphine occurs throughout the central nervous system. 
However, the expression of tolerance may depend on the 
specific behavioral system through which the tolerant reac- 
tion is mediated. Performance of the HP response is an out- 
come of both nonpharmacological (behavioral) and phar- 
macological processes. It is well known that prior exposure 
to the test itself as well as the testing situation can 
profoundly alter HP reactions (see [5] and ref. cited), and 
that such modulation has been incorporated into a condition- 
ing model of behavioral tolerance. In this response system 
therefore the local application of spinal morphine may not be 
sufficiently potent to overcome supraspinal psychophar- 
macological (i.e., conditioned) adaptations which are re- 
sponsible for tolerance. It might be necessary for the rele- 
vant supraspinal sites of the tolerant animal to be directly 
exposed to a sufficiently large amount of opiate for tolerance 
to be overcome. 

In contrast, performance of the TF relfex does not require 
supraspinal involvement. The contribution of nonphar- 
macological processes, as well as conditioned reactions has 
not, as yet, been demonstrated on this assay. Although de- 
velopment of tolerance to systemic morphine in this system 
may also include adaptations at supraspinal sites, the direct 
application of spinal opiates may “‘short-circuit’’ these sys- 
tems after tolerance has occurred. Spinal administration may 
bypass those (descending) pathways through which 
tolerance would normally be expressed after a systemic chal- 
lenge. By overriding these tolerant pathways, spinal opiate 
administration could still elicit ‘*‘analgesia’’ at the spinal 
level. 

This interpretation may also provide a possible explana- 
tion for the difference between these data, which do not 
show “‘‘cross-tolerance’’ on the TF, and those [25] which do 
show ‘‘cross-tolerance.’’ The difference in results might be 
related to the fact that in the latter case the rats were as- 
sessed on both the HP and TF tests, whereas the rats in these 
studies were exposed to only one of the two tests. Perhaps 
the development of tolerance to the more complex HP reac- 
tion induced a psychopharmacological state which general- 
ized to the TF and promoted ‘‘cross-tolerance”’ to the spinal 
challenge. For example, it has been shown, initially by 
Mitchell and colleagues, and more recently by Bardo er al. 
[5] that even a single pairing of morphine with the HP will 
induce tolerance. Moreover, the HP response is composed 
of numerous elementary reactions, such as limb flexion 
which are elicited by the noxious thermal stimulus. Limb 
withdrawal, like tail withdrawal is a spinal reflex. Therefore, 
tolerance that develops to a supraspinal reflex even after a 
single drug test might generalize to those simpler, spinal re- 
flexes that are components of the more complex behavior. 

Finally, this distinction between the nature of the 
nociceptive response and the development of tolerance may 
have relevance for the clinical course of opiate analgesia. 
These data imply that if the dose and regimen of analgesic 
medication are sufficient to block nociceptive input at the 
spinal level, the development of tolerance may be retarded. 
If, however, the pharmacological opiate stimulus and/or the 
nociceptive pain signal are sufficiertly intense to reach 
higher brain centers, analgesic efficacy will diminish. In ef- 
fect, the relationship between the specific pharmacological 
and nociceptive conditions seems to be a critical factor in the 
expression of tolerance. It is understandably difficult to con- 
trol these variables in clinical situations. However, some of 
these issues may be profitably addressed by appropriate 
analyses of available experimental paradigms. 





TYLER AND ADVOKAT 


REFERENCES 


. Abbott, F. V., K. B. J. Franklin, R. J. Ludwick and R. Mel- 
zack. Apparent lack of tolerance in the formalin test suggests 
different mechanisms for morphine analgesia in different types 
of pain. Pharmacol Biochem Behav 15: 637-640, 1981. 

. Abbott, F. V., R. Melzack and B. F. Leber. Morphine analgesia 
and tolerance in the tail-flick and formalin tests: Dose-response 
relationships. Pharmacol Biochem Behav 17: 1213-1219, 1982. 
. Advokat, C. Evidence ot place conditioning after chronic 
intrathecal morphine in rats. Pharmacol Biochem Behav 22: 
271-277, 1985. 

. Advokat, C. and C. B. Tyler. The development of ‘‘cross- 
tolerance’’ between systemic and spinal morphine is a function 
of the nocicpetive assessment test. Presented at the forty-sixth 
annual meeting of the Committee on Problems of Drug Depend- 
ence Inc., St. Louis, MO, June 4-6, 1984. 

. Bardo, M. T., P. J. Wellman and R. A. Hughes. The role of hot 
plate and general environmental stimuli in morphine analgesic 
tolerance. Pharmacol Biochem Behav 14: 757-760, 1981. 

. Berge, O.-G. and K. Hole. Tolerance to the antinociceptive 
effect of morphine in the spinal rat. Neuropharmacology 20: 
653-657, 1981. 

. Colpaert, F. C. Can chronic pain be suppressed despite pur- 
ported tolerance to narcotic analgesia? Life Sci 24: 1201-1210, 
1979. 

. Coombs, D. W., R. L. Saunders, M. S. Gaylor, M. G. Pageau, 
M. G. Leith and C. Schaiberger. Continuous epidural analgesia 
via implanted morphine reservoir. Lancet 2: 425-426, 1981. 

. Cousins, M. J. and L. E. Mather. Intrathecal and epidural ad- 
ministration of opioids. Anesthesiology 61: 276-310, 1984. 

. Eriksson, M. B. E., S. Lindahl and J. K. Nyquist. Experimental 
cutaneous pain thresholds and tolerance in clinical analgesia 
with epidural morphine. Acta Anaesthesiol Scand 26: 654-657, 
1982. 

. Findler, G., D. Glshwang and M. Hadani. Continuous epidural 
morphine treatment for intractable pain in terminal cancer pa- 
tients. Pain 14: 311-315, 1982. 

. Irwin, S., R. W. Houde, D. R., Bennett, L. C. Hendershot and 
M. H. Seevers. The effects of morphine methadone and 
meperidine on some reflex responses. of spinal animals to 
nociceptive stimulaion. J Pharmacol Exp Ther 101: 132-143, 
1951. 

. Lange, D. G., S. C. Roerig, J. M. Fujimoto and L. W. Busse. 
Withdrawal tolerance and unidirectional non-cross-tolerance in 
narcotic pellet-implanted mice. J Pharmacol Exp Ther 224: 
13-20, 1983. 


14. 


aS. 


Lange, D. G., S. C. Roerig, J. M. Fujimoto and R. I. H. Wang. 
Absence of cross-tolerance to heroin in morphine-tolerant mice. 
Science 208: 72-74, 1980. 

Mehnert, J. H., T. J. Dupont and D. H. Rose. Intermittent 
epidural morphine instillation for control of postoperative pain. 
Am J Surg 146: 145-151, 1983. 


. Melzack, R., J. G. Ofiesh and B. M. Mount. The Brompton 


mixture: Effects on pain in cancer patients. Can Med Assoc J 
115: 125-129, 1976. 


. Mount, B. M., I. Ajemian and J. F. Scott. Use of the Brompton 


mixture in treating the chronic pain of malignant disease. Can 
Med Assoc J 115: 122-124, 1976. 


. Paktor, J. and J. L. Vaught. Differential analgesic cross- 


tolerance to morphine between lipophilic and hydrophilic nar- 
cotic agonists. Life Sci 34: 13-21, 1984. 


. Roerig, S. C., D. G. Lange and J. M. Fujimoto. Tolerance de- 


velopment in morphine pellet (MP) implanted mice to 
intrathecally (IT) administered delta but not mu _ receptor 
agonists. Fed Proc 42: 630, 1983. 


. Siegel, S. Nonparametric Statistics for the Behavioral Sciences. 


New York: McGraw-Hill, 1956. 


. Tang, A. H. and M. J. Schoenfeld. Comparison of subcutaneous 


and spinal subarachnoid injections of morphine and naloxone on 
analgesic tests in the rat. Eur J Pharmacol 52: 215-223, 1978. 


. Twycross, R. G. Clinical experience with diamorphine in ad- 


vanced malignant disease. Jnt J Clin Pharmacol 9: 184-198, 
1974. 


. Tyler, C. B. and C. Advokat. Lack of cross-tolerance between 


systemic and intrathecal morphine in rats on the nociceptive tail 
flick test. Soc Neurosci Abstr 8: 355, 1982. 


. Walsh, T. D. Oral morphine in chronic cancer pain. Pain 18: 


I-11, 1984. 


. Yaksh, T. L., R. L. Kohl and T. A. Rudy. Induction of 


tolerance and withdrawal in rats receiving morphine in the spi- 
nal subarachnoid space. Eur J Pharmacol 42: 275-284, 1977. 


. Yaksh, T. L. and T. A. Rudy. Analgesia mediated by a direct 


spinal action of narcotics. Science 192: 1357-1358, 1976. 


. Yaksh, T. L. and T. A. Rudy. Studies on the direct spinal action 


of narcotics in the production of analgesia in the rat. J Phar- 
macol Exp Ther 202: 411-428, 1977. 


. Yaksh, T. L. Spinal opiate analgesia: Characteristics and prin- 


ciples of action. Pain 11: 293-346, 1981. 


. Zenz, M.,S. Piepenbrock, B. Schappler-Scheele and M. Husch. 


Peridural morphine analgesia. III. Cancer pain. Anaesthesist 30: 
508-513, 1981. 





Physiology & Behavior, Vol. 37, pp. 33-37. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 003 1-9384/86 $3.00 + .00 


REM Sleep Deprivation Facilitates the 
Estrogen Effect on Heterotypical 
Sexual Behavior in Male Rats 


E. CANCHOLA, E. MONROY AND J. VELAZQUEZ-MOCTEZUMA! 


Departamento de Biologia de la Reproduccion, Universidad Autonoma Metropolitana-Iztapalapa 
Mexico City, C.P. 09348, Mexico 


Received 10 October 1984 


CANCHOLA, E., E. MONROY AND J. VELAZQUEZ-MOCTEZUMA. REM sleep deprivation facilitates the estrogen 
effect on heterotypical sexual behavior in male rats. PHYSIOL BEHAV 37(1) 33-37, 1986.—Gonadectomized male rats 
were submitted to REM sleep deprivation (REMd) for 120 hr and their hetero and homotypical sexual response to estradiol 
benzoate (EB) was tested. Subjects (Ss) receiving 20 ug EB showed lordosis quotients (LQ) twice as high as those receiving 
10 wg EB and at the same time the LQs in these groups were higher than in the non-REMd groups. Gonadectomized- 
adrenalectomized control Ss showed the highest levels of lordosis throughout the experiment. REMd by itself does not 
produce lordosis response. The results indicate that the brain structures underlying this behavior in males are probably 
similar to those in females, since REMd increases lordosis in both cases. The lack of homotypical sexual behavior normally 
observed in gonadectomized male rats does not seem to be affected by this treatment. The issue of adequate controls for 


REMd experiments is discussed. 


REM sleep 
Rats 


REM deprivation Estrogen 


Sexual behavior 


Heterotypical sexual behavior Males 





SINCE 1942 [4] it is well known that estrogen can elicit 
feminine sexual response in male rats [10,15]. Though some 
authors have failed to produce lordosis behavior in male rats 
following 10 day estradiol treatments [25,33], several reports 
have pointed out that different hormonal treatment 
schedules are capable of producing a marked lordotic re- 
sponse in the male rat [2]. 

Furthermore, testosterone propionate as well as 
progesterone can elicit feminine sexual response in males 
{11, 13, 29]. In the case of testosterone, its conversion to 
estradiol might play an important role in the induction of 
lordosis behavior in male rats [5,6], since it is well known 
that stressful situations change aromatase activity in the 
hypothalamus [14]. 

On the other hand, it has been reported that REM sleep 
deprivation (REMd) may affect several behavioral responses 
[35] some of which are under hormonal control, such as fear 
[18], aggression [19] and maternal behavior [8]. Moreover, 
the effect of estradiol on specific responses may be altered 
by REMd in different ways; i.e., REMd inhibits the normally 
observed facilitatory effect of estradiol on food intake [21], 
yet facilitates the induction of lordosis behavior in female 
rats treated with estradiol benzoate (EB) [34]. 

In this work we analyzed the effect of REM sleep depri- 





vation on the lordosis response of Wistar male rats treated 
with different doses of EB in single applications. 


METHOD 


One hundred Wistar male rats weighing 250-300 g were 
used. The subjects (Ss) were housed under standard labora- 
tory conditions with food and water ad lib and-reversed light 
cycle (lights on at 20:00; off at 10:00). All animals were 
gonadectomized under ether anesthesia at least one month 
before hormonal treatment. In the case of the gonadecto- 
mized-adrenalectomized animals, adrenalectomy (ADRX) 
was performed 10 days before hormonal treatment. Tests for 
lordosis response were made in a circular Plexiglas observa- 
tion cage, 53 cm in diameter. Each castrated male was pre- 
sented with a sexually experienced intact male from whom it 
received ten vigorous mounts in every test. The responses 
were quantified by a lordosis quotient (LQ=number of lor- 
dosis/10 x 100). Homotypical sexual behavior was also eval- 
uated placing a receptive estrogenized female rat in the pres- 
ence of the male. This observation was suspended if no in- 
tromission had occurred in 15 minutes, if no ejaculation oc- 
curred 15 minutes after the first intromission and if no in- 
tromission had occurred 15 minutes after the first ejacula- 
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FIG. 1. Effect of REM sleep deprivation on the feminine sexual 
response (LQ) in male rats induced by different doses of estradiol 
benzoate. (EB). Note the high response observed with REMd + 20 
ug EB as compared to the other three treatments. 
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FIG. 2. Effect of REM sleep deprivation on lordosis response in- 
duced by estradiol benzoate in adrenalectomized controls, large 
platform controls and representative experimental group. Note the 
high response levels in the adrenalectomized groups and the similar- 
ity in the response of groups 4 and 6 (REMd + 20 wg EB and large 
platform + 20 wg EB, respectively). 


TABLE | 
STATISTICAL ANALYSIS AMONG EXPERIMENTAL GROUPS 
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Group 4 





p<0.01 
p<0.05 
p<0.025 


p<0.025 
p<0.05 
p<0.01 NS 


p<0.01 
p<0.05 





*Hours of REM sleep deprivation. 
*+Hours of REM sleep rebound. 
NS—Non-significant. 


tion. As the effects of REMd vary with the length of the 
REMd period [34], animals were tested at several! intervals 
(24, 48, 72, 96 and 120 hr) in order to determine the effect of 
different REMd periods. Daily tests were made in the dark 
period, except for the first day of recovery from deprivation 
in which there were two tests, one in the light period. 

The method used to achieve REMd was the water tank 
technique [1, 17, 20, 22, 26]. The lids of the chambers were 
equipped with special food and water compartments to 
which the rats had free access. Experimental groups were 
placed on small platforms (SP) measuring 6.5 cm in diameter, 
surrounded by water up to 1 cm beneath the surface. 

Control animals were placed on a large platform (LP) 16.5 
cm in diameter. In order to avoid the immobility stress com- 
ponent of this technique, the height of the platform was 4 cm, 
so animals can climb off the platform and ambulate around 


the cage. The water of the chambers was changed daily dur- 
ing the light period. Ss were divided in the following groups: 

Group 1: Control. REMd for 120 hours. No hormonal 
treatment. N=8. Group 2: Control. Unaltered sleep- 
wakefulness cycle. Single dose of EB (20 wg) applied after 
two tests. N=7. Group 3: REMd for 120 hours. Single dose 
of EB (10 wg) coincident with the onset of the deprivation 
period. N=8. Group 4: REMd for 120 hours. Single dose of 
EB (20 wg) coincident with the onset of the deprivation 
period. N=8. 

In addition there were two large platform groups: Group 
5: No hormonal treatment. The animals remained in the large 
platform chamber for 144 hours. Group 6: Single dose of EB 
(20 wg). Administration coincided with the entrance to the 
large platform chamber. 

As REMd is a well known stressor [35], several groups 
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TABLE 2 
STATISTICAL ANALYSIS OF CONTROL GROUPS VS. GROUP 4 
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*Hours of REM sleep deprivation. 
*+Hours of REM sleep rebound. 
NS—Non-significant. 


TABLE 3 
MEANS AND STANDARD DEVIATIONS OF LORDOSIS QUOTIENTS IN EACH REMd PERIOD 
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were studied in order to analyze the possible participation of 
the adrenal glands in the observed phenomena. These groups 
were gonadectomized-adrenalectomized and put on small 
platforms: Group 7: REMd for 120 hours. No hormonal 
treatment. Group 8: REMd for 120 hours. Single dose of EB 
(20 wg) coincident with the initiation of the deprivation 
period. Group 9: REMd for 120 hours. Single dose of EB (10 
sg) coincident with the initiation of the deprivation period. 

Statistical analysis was performed using the Mann- 
Whitney U test. 


RESULTS 


Figure 1 shows a marked positive effect of REM depriva- 
tion plus 20 wg of EB on feminine sexual behavior as com- 
pared to the other three treatments. This was also the case 
when 10 wg EB were given along with REM deprivation, 
since their combined effect was very similar to that produced 
by 20 wg EB alone (Group 2). REMd itself did not have a 
significant effect on lordosis (Group 1). Further, we must 
point out that the effect of REMd disappeared as soon as the 
deprivation periods end. During the rebound period there 


was a small non-significant increase in female sexual re- 
sponse which did not reach sleep deprivation levels. 

Table | presents the statistical analysis of Group 4 vs. the 
other three experimental treatments. Group 4 was chosen to 
be compared against the other groups because of the high 
response obtained by the treatment this group was given 
(REMd plus 20 wg EB). The responses at 24 hours of depri- 
vation and during the rebound period were all non- 
significant. Note that the response observed in Group 4 was 
clearly different (higher) from the response in the other three 
experimental groups at almost all hours of observation. 

Figure 2 presents the results of 4 control groups (ADRX 
+ REMd + 20 wg EB; ADRX + REMd + 10 ug EB; LP + 20 
pug EB; LP with no hormonal treatment) and the representa- 
tive experimental group (Group 4, REMd + 20 wg EB). The 
LQs in the ADRX groups were much higher than those from 
Group 4; reaching 100% in some cases. The statistical 
analysis of these data shows that the difference between 
these groups is significant (Table 2). In Groups 4 and 6, 
REMd + 20 wg EB and LP + 20 wg EB respectively, the 
response levels were very similar, no significant difference 
among them was found (Table 2). In Group 5 (LP) there was 
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an almost absolute absence of response. Again, in all cases, 
after the deprivation period, the response plunged to low 
levels. The slight increase observed during the rebound 
period in Groups 4 and 6 was not present in the ADRX 
groups. The statistical analysis of the control groups vs. 
Group 4 are displayed in Table 2. The results in Group 6 (LP 
+ 20 wg EB) were not statistically different from those in 
Group 4. Table 3 shows the overall means and standard de- 
viations. 

Finally, it is remarkable that no males show homotypical 
sexual behavior throughout the study. 


DISCUSSION 


It seems that induction of lordotic behavior by estrogen in 
male rats is under monoaminergic control, since drugs that 
deplete monoamines such as reserpine, PCPA and alpha- 
methyl-para-tyrosine, facilitate its occurrence, as well as 
drugs that inhibit serotoninergic activity like methysergide 
and cinnanserin [9,24]. On the contrary, apomorphine, a 
dopamine agonist, depresses lordotic behavior in male rats 
using the same dose required to achieve this inhibition in 
female rats [23]. On the other hand, it has been reported 
earlier [34] that REMd facilitates the effects of estrogens in 
inducing lordotic behavior in female rats. The significant 
difference between the response of animals with undisturbed 
sleep cycle plus 20 wg EB and the REMd + 20 wg EB 
animals, may indicate that the facilitation of the cerebral 
structures underlying feminine sexual response also occurs 
in the male rat. Moreover, there is no significant difference 
between animals treated with 20 wg EB with undisturbed 
sleep cycle compared to REMd rats who received half as 
much EB (10 yg). 

In terms of neurotransmitters, this effect is in accordance 
with the hypothesis of Stern and Morgane [31] concerning 
the diminished availability of catecholamines at synaptic 
level after REMd. The studies of Meyerson er al. [24] have 
shown that heterotypical sexual behavior occurs in male rats 
when dopamine and norepinephrine decrease. 

In addition, immediately after the deprivation period 
ended, all deprived animals showed an intense inhibiting re- 
sponse corresponding to the first hours of sleep recovery 
(rebound). Thus, the increased turnover of dopamine in this 
period, reported by Wojcick et al. [37], may be responsible 
for this effect, although serotonin and norepinephrine may 
also participate since some authors [27,28] have reported 
increased turnover immediately after REMd. 

The fact that none of the Ss presented homotypical sexual 
behavior is outstanding. Earlier investigations [3,32] have 


reported that the levels of lordosis behavior in male rats 
directly correlate with the levels of masculine sexual activ- 
ity. In this sense, Van de Poll et al. [33] postulate that the 
masculine sexual behavior system and the feminine sexual 
behavior system must be interacting. Thus, in the present 
experiment this lack of correlation may be at least partially 
due to an effect of REMd, since this manipulation changes 
the behavioral consequences of hormonal treatment and 
hormonally untreated REMd animals do not display a signif- 
icant amount of this behavior. It is possible that REMd by 
itself does not elicit any behavioral response where hor- 
mones are normally involved. 

Faced with the problem of adequate controls, we find that 
to date there are no properly designed paradigms to avoid the 
participation of stress on this effect. Some authors [21,30] 
have used animals immersed daily in cold water as control 
groups in order to achieve the same degree of adrenal hyper- 
trophy that Ss reach after a 10 day period of REMd. Never- 
theless, this stressor differs greatly from the deprivation 
period procedure, mainly in the demands that must be satis- 
fied by the organism during the stress response. 

The most commonly used technique is the large platform 
that we used in this experiment, but as Vogel reviewed [35], 
there is no difference between small and large platforms re- 
garding REMd until after the first 24 hours. As our group has 
reported earlier, we could already observe an effect at 12 
hours of REMd. So, if these changes are due to a few hours 
of REMd, large platforms cannot be an adequate control 
since the loss of REM is very similar during the first 24 
hours, which might explain why there is no significant differ- 
ence between Groups 4 and 6. 

Regarding the possible participation of adrenal steroids, 
progesterone of adrenal origin could be sinergyzing with es- 
trogen, as it does in the female, to induce lordotic behavior 
in males [33]; however, some reports indicate that 
progesterone does not facilitate lordosis in estrogen primed 
male rats [2,11]. On the other hand, it is well known that 
removal of adrenal glands elicits dramatic changes at several 
levels [7] including sexual behavior [16]. A slight potentia- 
tion of lordosis in adrenalectomized, estrogen primed 
females has been reported by Davidson [12]. Likewise, in 
this experiment a significant potentiation of female sexual 
response was observed in adrenalectomized estrogen primed 
males. Thus, at this moment adrenalectomy proves useless 
as a paradigm to solve the problem of adequate controls of 
REMd. 

Further research is needed to evaluate the full signifi- 
cance of these observations. 
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ALVAREZ, E. O. AND A. M. BANZAN. Histamine in dorsal and ventral hippocampus. I. Effects of H, and H, 
histamine antagonists on exploratory behavior in male rats. PHYSIOL BEHAV 37(1) 39-45, 1986.—The effects on 
Hole-Board behavior of histamine (HA) microinjected into different parts of the hippocampus and the effects of pyrilamine 
(PYR, an H,-histamine antagonist), ranitidine (RAN, an H.-histamine antagonist) or a-fluoromethy!-histidine (a-FMH, an 
irreversible inhibitor of the HA synthetizing enzyme) injected into the hippocampus on behavior were studied. Forty five 
nMol of HA were injected stereotaxically into the dorsal or ventral hippocampus. Five min later, Hole-board behavior was 
measured. It was observed that HA inhibited locomotion and rearing only in the rats injected into the ventral hippocampus. 
In other experiments, animals were microinjected into the ventral hippocampus with 135 nMol of PYR or RAN in | pul of 
saline solution. Ten min later, they were microinjected with 45 nMol of HA. Hole-board exploratory activity was measured 
5 min thereafter. Results showed that both PYR and RAN were effective in counteracting the inhibitory effect of HA on 
locomotor activity, but only RAN was able to block the inhibitory action of HA on rearing behavior. Head-dipping 
frequency was not affected by these treatments. In rats microinjected with 20 nMol of a-FMH, increased scores of 
locomotion were observed but the other behaviors (head-dipping frequency, grooming and rearing) were not affected. The 
present results support the hypothesis that HA in hippocampus may be exerting a regulatory role on behavior by interaction 


with H, and H, receptors. 
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IT has been demonstrated that the hippocampus is linked to 
some behavioral functions such as, emotion, error evalua- 
tion, exploration, attention, spatial and cognitive mapping 
and to functions relating the internal and the external en- 
vironments [35]. Destruction of the hippocampus induces 
changes in motivation and activity at novel situations 
[21,24]. In addition, changes in neuronal transmission have 
been observed in the hippocampus during the display of be- 
havior [12]. Several neuronally active substances and neuro- 
transmitters have been found in the hippocampus, i.e., nor- 
epinephrine [8], GABA [4,34], serotonin [37], acetylcholine 
[29,30], dopamine [7], angiotensin II [18] and histamine [11, 
33, 39]; limited information is available, however, to relate 
changes to particular neurotransmitter systems. 

We have been interested in studying the role of HA as a 
hippocampal neurotransmitter. When applied iontophoreti- 
cally to this structure, HA either depolarizes or hyper- 
polarizes membrane potentials of neurons, depending on the 
cell layer injected [19,38]. In experiments reported 





a-Fluoromethy|-histidine Hole-board 


elsewhere [1], we found that HA, locally applied to the rat 
ventral hippocampus, inhibits rearing, sniffing and locomo- 
tor activity. Neither 3-methyl-histamine (a metabolite of HA) 
norepinephrine or acetylcholine injected under the same 
conditions were effective in reproducing the inhibitory ef- 
fects of HA [1,2]. This suggests that such a behavioral effect 
may be specific for HA. 

In addition, administration of increasing doses of HA into 
the hippocampus of adult male rats revealed that its effect on 
some behaviors is dose-dependent [3]. According to these 
data, some additional points deserve to be analyzed. Firstly, 
there exists some evidence that the hippocampus is not a 
functionally homogeneous structure [21,23]. It is possible 
therefore that as a behavioral regulating component, it may 
not be functioning as a unit. The inhibitory action of HA was 
found by injecting it into the ventral-caudal hippocampus 
[1,3] but it is not known if HA exerts behavioral effects when 
administered in vivo into different areas of the hippocampus. 

Secondly, it is accepted that the biological actions of HA 
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FIG. 1. Localization of cannulae into the rostral-dorsal and caudal-ventral hippocampus. (A) Diagram 
of a frontal section of dorsal hippocampus at 2.8 mm posterior to bregma, which was taken as the zero 
reference point. The circles indicate the points where all cannulae were located and the sites where 
microinjections were performed. Animals with extensive tissue damage or cannulae located outside 
the central area of dorsal hippocampus were not included in the results. The diagram was prepared 
from brain sections of 25 rats used in the experiment. (B) Diagram of a frontal section of ventral 
hippocampus, at 3.6 mm posterior to bregma. The diagram was prepared from brain sections of 138 
rats out of the 159 used. A, aqueduct of Sylvius; CP, posterior commissure; ENT, entorhinal cortex; 
FH, hippocampal fissure; FD, dentate gyrus; FI, fimbria of the hippocampus; GM, medial geniculate 
body; HPC, hippocampus; LM, medial lemniscus; PC, cerebral peduncle; RF, reticulum formation; 


SN, substantia nigra; S, subiculum. 


in brain and periphery may be exerted by interaction with 
two types of receptors, H, and H, receptors [17,36]. It has 
been reported that the HA-sensitive adenylate cyclase sys- 
tem seems to be linked to an H,-HA receptor [26] and pre- 
liminary evidence from our laboratory has shown that 
4-methyl-histamine (H.-HA_ agonist) but not 2- 
pyridil-ethyl-amine (H,-HA agonist) is able to reproduce the 
inhibitory action that HA exerts upon behavior (unpublished 
results). By and large, no additional supporting information 
is available with respect to the type of HA receptor in the 
hippocampus and little is known about the behavioral effects 
of HA antagonists in this structure. 

The aim of the present study was to analyze: (1) whether 
the inhibition of behavior caused by HA in the ventral hip- 
pocampus of adult male rats is also produced by application 
of HA into the rostral-dorsal hippocampus (Experiment 1), 
(2) if the behavioral effects of HA in the hippocampus can be 
blocked by pretreatment with pyrilamine (H,-HA antagonist) 
or ranitidine (H.-HA antagonist) (Experiment 2), and (3) if 
the administration of an irreversible inhibitor of histidine de- 
carboxylase, a key enzyme in HA _ synthesis (a- 
fluoromethy]-histidine [16,40]), into the hippocampus is able 
to produce behavioral effects (Experiment 3). 


METHOD 


Male rats of a Holtzman-derived colony, weighing 250— 


300 g, 90 days old and maintained in thermoregulated (22- 
24°C) and light controlled conditions (lights on 06:00-20:00 
hr) were used. Standard rat chow and water were available 
ad lib. 


Cannulae Implantation 


Animals were anesthesized with ether and unilaterally 
implanted with guide stainless-steel cannulae (23 gauge, 15 
mm length) in the caudal, ventral hippocampus, using a 
David Kopf stereotaxic apparatus and the following set of 
coordinates: 3.6 mm antero-caudal, 4.5 mm lateral and 7.0 
mm vertical. Bregma was considered the zero reference 
point. In another group of rats, animals were implanted in 
the rostro-dorsal hippocampus, according to the coordi- 
nates: 2.6 mm antero-caudal, 2.0 mm lateral and 3.8 mm 
vertical. Each cannula was provided with a mandril (30 
gauge, 10 mm length) to prevent its obstruction. After im- 
plantation, the rats were caged individually. 


Drugs 


The following drugs were used: histamine dihydrochlo- 
ride (Sigma Chemical Co.), pyrilamine maleate (Sigma 
Chemical Co.), ranitidine hydrochloride (Glaxo Research 
Group, England) and a-fluoromethyl-histidine dihydrochlo- 
ride (Merck, Sharp & Dohme Res. Lab.). All drugs were 
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FIG. 2. Behavioral scores of male rats microinjected with HA into 
the rostral-dorsal and caudal-ventral hippocampus. **p<0.01 vs. 
rats injected with HA into dorsal HPC; *p<0.05. 


prepared in saline solution immediately before use and were 
administered over a period of 20—40 sec in | yl volume. 


Hole-Board Sessions 


After the microinjections into the hippocampus were per- 
formed, rats of the different groups were tested only once in 
a Hole-board, as described by Boisier and Simon [9]. The 
field was painted black, the walls were 35 cm high and the 
floor was marked off in 20x20 cm squares with 16 holes of 2 
cm diameter. 

The arena was placed 10 cm above the floor of the room 
and illuminated by a 40 W lamp suspended over the center of 
the field. The animals were placed singly in the center of the 
arena for a 5 min trial. The following behavioral parameters 
were scored by direct observation: (1) locomotor activity, 
number of squares traversed in any direction by the animal; 
(2) rearing frequency, number of vertical extensions of head, 
body and forelimbs either free or against the wall for 2 sec or 
more; (3) grooming frequency, number of washings and lick- 
ing bouts lasting at least 2 sec; and (4) head-dipping fre- 
quency, number of times the rat dips the head at least up to 
the eyes level into the holes. All behavioral tests were per- 
formed between 1400 and 1600 hr. 

Once the experiments were completed, all animals were 
killed by ether excess and the brains were carefully removed 
and stored for at least 12 hr in 10% formaldehyde solution. 
Frontal sections were then obtained and the site of implant 
was verified microscopically. The rats included in the pres- 
ent results were those in which cannulae were located in the 
sites specified (Fig. 1). 


Experimental Procedure 


Three experiments were performed. 


Experiment 1 


In order to test if different zones of the hippocampus are 
equally sensitive to HA as an inhibitor of behavior, a group of 
rats (n=9) was implanted in the rostro-dorsal hippocampus, 
as mentioned above. A ‘‘control’’ group (n=6) was im- 
planted in the ventro-caudal hippocampus where HA is 
known to be effective [1,3]. Both groups of rats were mi- 
croinjected with 45 nMol HA and tested 5 min later in the 
Hole-board. This dose was found previously to be effective 
in inhibiting behaviors [3]. 


Experiment 2 


In order to determine if the behavioral response induced 
by the intrahippocampal injection of HA can be blocked by 
pretreatment with HA antagonists, the following experi- 
mental schedule was used. Fifteen min before the animals 
were tested in the Hole-board, different groups of rats were 
microinjected into the ventral hippocampus with 1 ul of 
saline solution, containing 135 nMol of pyrilamine maleate 
(PYR, 34.5 wg; an H,-HA antagonist) or ranitidine dihydro- 
chloride (RAN, 42.4 wg; an H.-HA antagonist). One ul of 
saline solution was injected to the controls. Ten min later, all 
animals were injected again in the hippocampus with 45 
nMol of HA in 1 pl of saline solution. Five min later, the rats 
were tested for 5 additional min in the Hole-board, as de- 
scribed elsewhere [3]. A ratio of 3:1 for antagonist vs. 
agonist was used in the present study. Since animals were 
injected twice into the hippocampus, the following experi- 
mental groups were formed: 

(1) SAL + SAL; animals that received two injections of 
saline solution (n=26). 

(2) SAL + HA; animals that received saline in the first 
and HA in the second microinjection (n= 18). 

(3) PYR + HA; animals that received PYR in the first and 
HA in the second microinjection (n= 18). 

(4) RAN + HA; rats that received RAN in the first and 
HA in the second microinjection (n=21). 

(5) PYR + SAL; rats that received PYR in the first and 
saline solution in the second microinjection (n= 17). 

(6) RAN + SAL; rats that received RAN in the first and 
saline solution in the second microinjection (n= 14). 


Experiment 3 


If the depressive effects on some behaviors induced by 
HA in the hippocampus were mediated by HA receptors it is 
reasonable to assume the existence of HA-containing affer- 
ent nerve endings in the hippocampus. In order to study the 
behavioral effects of an induced HA depletion, a group of 
rats (n=13) was microinjected into the ventral HPC with 
a-fluoromethyl-histidine (a-FMH), an irreversible inhibitor 
of histidine decarboxylase activity [16]. The control group 
(n=8) was injected with saline. 


Statistics 


One-way analysis of variance, the Duncan test of multiple 
comparisons and the Student’s /-test, when appropriate, 
were used in order to compare each experimental group. A 
p<0.05 was considered significant. Data are presented as 
mean+SEM. 
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FIG. 3. Behavioral scores of male rats microinjected with HA and HA antagonists 
into the ventral hippocampus. A. Locomotor scores; B. Head-dipping, and C. Rear- 
ing activity of rats microinjected with HA antagonists into ventral HPC. Data are 
expressed as the mean+SEM. The number at the top of the columns represents 
the number (n) of animals used. See the Method section for definition of groups and 
additional details. **p<0.05, *p<0.01 respectively, from SAL + SAL rats. **p<0.01 


from SAL + HA rats. 


RESULTS 


The localization of the implant cannulae in dorsal and 
ventral hippocampus is shown in Fig. 1. 63.2% of the implant 
cannulae were located 2.8+0.2 mm posterior to bregma in 
the dorsal hippocampus experiments (Fig. 1A). 21.1% of the 
implants were at 2.4 mm and 10.5% at 3.2 mm. A representa- 
tive frontal section at 2.8 mm is diagramated in Fig. 1A. As 
shown, the position of implanted cannulae was restricted to 
the medial zone of dorsal-rostral hippocampus. In ventro- 
caudal hippocampus experiments (Fig. 1B), 86.2% of implant 
cannulae were located 3.6+0.2 mm posterior to bregma, 
5.1% of the implants were at 3.2 mm and 6.5% at 4.0 mm 
posterior to bregma. A representative frontal section at 3.6 
mm is illustrated in Fig. 1B. As in previous experiments [3] 
positions of implanted cannulae were in the lowest and cen- 
tral portion of the caudal hippocampus. Although part of the 
implants were found in the dentate area (Fig. 1B) and some 
near the subiculum complex, the behavioral effects of the 
ventral injections did not depend upon whether placements 
were inside or outside the dentate area. 


Experiment 1. Effect of 45 nMol HA in the Ventral or Dorsal 
Hippocampus on Behavior 


The behavioral effects of rats microinjected with 45 nMol 
HA into the ventro-caudal and rostro-dorsal hippocampus 


are shown in Fig. 2. The locomotor activity of rats injected 
into the dorsal hippocampus was 70.5+11.4. 

This activity fell to 28.2+4.3 in the group injected into the 
ventral hippocampus (p<0.01). The rearing frequency of rats 
injected with HA in the dorsal hippocampus was 3.9+1.0, 
while a score of 1.4+0.3 was observed when HA was in- 
jected into the ventral hippocampus. This between-group 
difference was significant, F(2,27)=3.37, p<0.05. No signifi- 
cant differences in head-dipping and grooming frequencies 
were observed in the rats injected with HA into the dorsal or 
ventral hippocampus. The behavioral scores of rats injected 
with saline into the dorsal hippocampus were similar to the 
rats injected with HA into the dorsal HPC. 


Experiment 2. Effects of HA Antagonists on the 
Hippocampal Mediated Depression of Behavior 
Induced by HA 


The behavioral parameters of the rats microinjected in the 
ventral hippocampus with HA antagonists are shown in Fig. 
3. The locomotor activity observed in control rats microin- 
jected with saline (SAL + SAL) showed a score of 69+6.2 
squares/5 min. Rats treated with 45 nMol of HA showed a 
score of 27+5.0, which was statistically lower than controls 
(p<0.01; Fig. 3A). Rats pretreated with 135 nMol of RAN or 
PYR showed locomotor scores not significantly different 
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FIG. 4. Behavioral scores of male rats microinjected with a-FMH 
into the ventral hippocampus. **p<0.025 vs. SAL group. 


from the control group but statistically higher than HA- 
treated rats, F(5,107)=6.23, p<0.005. PYR treatment itself 
did not affect locomotor activity (scores not significantly dif- 
ferent from control group) but in the ranitidine group (RAN 


+ SAL) locomotor scores were 
(p<0.05). 

The head-dipping frequency of control rats (SAL + SAL, 
Fig. 3B) was 8.4+0.6. No significantly different scores were 
observed in the experimental groups when compared to con- 
trols, with the exception of the PYR + HA group which 
showed lower head-dipping frequency than controls 
(p<0.05). 

The rearing frequency of control rats was 3.4+0.5 (Fig. 
3C). Rats injected with 45 nMol of HA showed a rearing 
frequency of 1.3+0.4, which was statistically lower than 
control values, F(5,107)=2.58, p<0.05. Rats injected with 
135 nMol of PYR prior to HA showed a score not different 
from the HA-treated group but significantly lower than the 
control group (p<0.01). Rats pretreated with RAN showed a 
rearing frequency similar to the control group and statisti- 
cally different from that of the HA-treated rats (p<0.01). 
With some variations, the scores of rearing observed in the 
rats receiving PYR or RAN only (PYR + SAL and RAN + 
SAL, respectively) were similar to controls. 


lower than controls 


Experiment 3. Effect of an Inhibitor of HA Synthesis on 
Hippocampal Hole-Board Behavior 


The behavioral effects of the microinjection of a-FMH 
into the ventral hippocampus are shown in Fig. 4. SAL- 
treated rats displayed a locomotor score of 69.6+9.7. The 
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rats treated with a-FMH showed a locomotor activity of 
96+5.7, which was statistically higher than control scores 
(p<0.025). There were no differences between SAL- and 
a-FMH-treated rats in head-dipping and grooming frequen- 
cies. Although a tendency to greater rearing activity was 
observed in the a-FMH-treated rats, the scores were not 
Statistically different from controls. 


DISCUSSION 


From a functional point of view, there is evidence that the 
hippocampus is not a homogeneous structure [21,23]. Thus, 
differences in size and location of stimulation or destruction 
within the hippocampus may yield quite dissimilar results 
and consequently, serious inconsistencies. A lesion in the 
posterior (caudal) hippocampus was found to interfere with 
acquisition of a passive avoidance response in rats while 
anterior (rostral) lesions have no effect on this response 
[27]. Furthermore, lesions of ventral hippocampus affected 
rate of habituation of exploratory responses and facilitated 
one-way active avoidance response whereas dorsal hip- 
pocampal lesions were ineffective on habituation and re- 
tarded acquisition of avoidance [31]. Considering these data 
it was of interest to e,amine if the rostral-dorsal hippocam- 
pus was as sensitive as the ventral-caudal hippocampus to an 
effective dose of HA. As shown herein, HA microinjections 
into the dorsal hippocampus were unable to depress the be- 
haviors that were clearly depressed by HA injection into the 
ventral hippocampus. 

In agreement with other studies using other experimental 
paradigms [27,31], these results support the hypothesis that 
different functional roles may be ascribed to dorsal and ven- 
tral hippocampus. Also, they emphasize that the behavioral 
HA effects are well localized in the ventral hippocampus and 
less likely due to an extensive diffussion of HA to near hip- 
pocampal tissue or to cerebrospinal fluid. 

It has been reported that HA is able to depress some 
behaviors when injected intraventricularly [25] and to inhibit 
the methamphetamine-induced locomotor hyperactivity in 
mice [23]. As expected, the dose of 45 nMol HA (5 yg as free 
base) into the hippocampus was effective in inhibiting 
locomotion and rearing in the present experimental condi- 
tions. The underground exploratory behavior (head-dipping 
frequency) was not affected by HA. These findings are in 
agreement with previous results [3]. If the behavioral actions 
of the hippocampal HA are in fact mediated by specific re- 
ceptors, it is reasonable to assume that adequate HA 
antagonists administered in determined ratios must be effec- 
tive in blocking the behavioral response evoked by HA. In- 
deed both PYR, a specific H,-HA antagonist [14], and RAN, 
a potent H.-HA antagonist [10,13], in the proportion used 
(3:1 antagonist to agonist) were effective in blocking the de- 
pressive effect of HA on locomotor activity. These data 
suggest that both types of HA receptors are involved in the 
locomotor response. It may be argued however, that results 
might be expressions of side effects of the antihistaminics, 
not neccesarily related to a specific HA-receptor interaction. 
This would be apparently supported by the fact that a high 
concentration of antagonists (135 nMol/yl) was applied to the 
hippocampal tissue. Some antidopaminergic [20], anticholin- 
ergic [14] and antiserotonergic [20] properties have been de- 
scribed for PYR in high concentrations and receptors for all 
these neuronally active substances have been found in the 
hippocampus [7, 32, 38]. Present results, however, do not 
support such an interpretation; the behavioral scores of the 
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PYR + SAL group were not significantly different from con- 
trols (Fig. 3). Only in the RAN + SAL treated rats was there 
a depressing tendency in all behavioral parameters; the de- 
pressing effect only reached significance in locomotor activ- 
ity (Fig. 3). It is interesting to note that this depressant effect 
of RAN did not synergize the inhibitory action of HA. On the 
contrary, it blocked the HA effect, suggesting its association 
with an H,-receptor interaction. It has been described that 
RAN exhibits some cholinergic properties [5,6] but the slight 
depressant action of RAN on locomotion can not be related 
to cholinergic stimulation. In similar experimental situations, 
acetylcholine applied to the ventral hippocampus did not 
modify the locomotor activity [2]. In other studies, 
cholinergic agonists injected into the dorsal hippocampus re- 
sulted in a general increase of motor activity [15,41] Based 
on this evidence, either no effect or increased motor activity 
would be expected after cholinergic activation. The de- 
pressant effect on RAN therefore remains to be explained. 
The other behavioral component specifically affected by 
HA was the rearing frequency (aerial exploration, Fig. 3C). 
Only RAN was able to counteract the depressant action of 
HA on this activity (as shown, the score of RAN + HA 
group was Statistically higher than the SAL + HA rats, 
p<0.01). These data suggest that the mechanism(s) of HA 
inhibition of rearing behavior may be associated with H,- 
receptors in the hippocampus. Additional support for a 
probable role of HA in the behavioral responses mediated by 
the hippocampus comes from the a-FMH experiments (Fig. 
4). Described as a “‘suicide’’ inhibitor for the histidine de- 
carboxylase [28], a-FMH has been used in other studies re- 
lated to HA in the nervous system [16,40]. The biological 
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effect of a-FMH can be considered as an endogenous HA 
depletion. In the a-FMH-treated rats, an increased motor ac- 
tivity that was statistically significantly greater than for control 
rats was observed (Fig. 4). This result is in agreement with 
the hypothesis that HA in the hippocampus may regulate the 
display of motor activity and suggests that in normal condi- 
tions the depression of motor behavior may by related to an 
increase of the hippocampal histaminergic activity. Since 
a-FMH is apparently devoid of side-effects [16], it is quite 
probable that the locomotor effect observed in the a- 
FMH-treated rats may be due to a partial depletion of the 
hippocampal HA. 

It is concluded that HA in hippocampus may play a role in 
regulating some behavioral functions through participation 
of H, and H,-receptors. In addition, these data give further 
support to the idea that the hippocampus, as a structure, is 
involved in the control of locomotor and exploratory re- 
sponses. 
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CLARK, J. T. AND E. R. SMITH. Failure of pimozide and metergoline to antagonize the RDS-127-induced facilitation of 
ejaculatory behavior. PHYSIOL BEHAV 37(1) 47-52, 1986.—Metergoline, a serotonin-receptor antagonist, when ad- 
ministered in either an ascorbic acid or ethanol containing vehicle was without effect on male rat copulatory behavior (3 
mg/kg, 90 minutes pretest). When initially dissolved in several drops of acetic acid, however, the same dose of metergoline 
dramatically suppressed male rat sexual behavior. Thus, one-half of the treated rats failed to intromit and ejaculate, and 
those displaying the behaviors exhibited elongated intercopulatory and postejaculatory intervals. The administration of the 
putative dopamine-receptor agonist RDS- 127 (2-N,N-di-n-propylamino-4,7-dimethox yindane; 3 mg/kg, six minutes pretest) 
induced seminal emission ex copula and drastically reduced intromission frequency and ejaculation latency in copula, as 
well as effecting lesser reductions in the intercopulatory and postejaculatory intervals in two sequential copulatory series. 
RDS-127-induced seminal emission was effectively antagonized by pretreatment with the dopamine-receptor antagonist 
pimozide (250 yg/kg, two hours pretest), but not by pretreatment with metergoline. In contrast to seminal emission ex 
copula, pimozide pretreatment failed to antagonize the RDS-127 facilitation of ejaculatory behavior in copula. Metergoline 
pretreatment also failed to antagonize the RDS-127-induced facilitation of ejaculatory behavior in copula. However, 
RDS-127 prevented the suppressive effects of metergoline treatment, suggesting that RDS-127 has some agonistic action at 
serotonergic receptors. These results suggest that separate neurochemical mechanisms regulate seminal emission ex copula 
and ejaculatory behavior in copula, that RDS-127 induction of seminal emission ex copula may be mediated by dopaminer- 
gic receptors, and that RDS-127 facilitation of ejaculatory behavior in copula is mediated by receptors other than those 
accessible to blockade by the administered doses of pimozide and metergoline. 


RDS-127 Serotonin 
Seminal emission 


Dopamine Pimozide Metergoline Ejaculation Sexual behavior 


WE have previously reported on the dramatic, and selective, 
effects of RDS-127 (2-N ,N-di-n- propylamino-4,7- 
dimethoxyindane) on male rat sexual behavior [11-14, 36]. 


toreceptors [10,32]. Dopaminergic agonistic activity for 
RDS- 127 is also suggested by the observation of decrements 
in circulating prolactin levels ({13], Arneric and Long, per- 


Thus, once copulation has started males ejaculate after fewer 
intromissions, and a high dose (3 mg/kg, IP, six minutes 
pretest [14] or 600 yg intracerebroventricularly [12]) caused 
a number of rats to ejaculate on the initial intromission, ef- 
fectively reducing the ejaculatory threshold to zero. Further, 
RDS-127 induced copulatory behavior in male rats 35, but 
not 56, days after castration, though it was ineffective in 
enhancing sexual arousal in intact males after penile desen- 
sitization [13]. Ex copula, RDS-127 induced seminal emis- 
sion within five minutes of administration and suppressed 
penile reflex activity, including erection [11, 12, 13, 36]. 
These data are suggestive of a selective facilitatory effect for 
RDS-127 on the thresholds for seminal emission ex copula 
and ejaculatory behavior in copula. Biochemical, behavioral 
and electrophysiological evidence has suggested that RDS- 
127 is an agonist at central dopaminergic receptors [5, 6, 8, 
10, 32, 35], perhaps preferentially activating presynaptic au- 





sonal communication), which is prevented by prior treat- 
ment with the peripheral dopamine-receptor antagonist 
domperidone [11]. Dopaminergic neurotransmission has long 
been suspected as modulatory to masculine copulatory be- 
havior (e.g., [21, 22, 37, 38]), and we have previously inter- 
preted the effects of RDS-127 on sexual activity in terms of 
dopaminergic mechanisms [11, 13, 14, 36]. However, altera- 
tions of similar nature, magnitude and selectivity are not 
seen after administration of some other dopaminergic 
agonists [2, 11, 21, 22, 28, 37, 38], but similar effects are 
reported after treatment with the novel serotonergic agonist 
8-hydroxy-(2-di-n- propylamino)tetralin (DPAT, [19,20]) and 
after the mixed dopaminergic/serotonergic ergoline lisuride 
[2-4]. Further, similar ex copula effects on seminal emission 
and penile reflexes are reported after the serotonin-receptor 
agonist 5-methoxy-N,N-dimethyl-tryptamine, as well as 
after the serotonergic reuptake inhibitor zimelidine [23]. 
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In order to evaluate action at dopaminergic and 
serotonergic receptors as the possible mechanism underlying 
the RDS-127 facilitation of seminal emission ex copula and 
ejaculatory behavior in copula, we have presently examined 
the effects of pretreatment with the dopamine-receptor 
antagonist pimozide and the serotonin-receptor antagonist 
metergoline on these parameters in male rats. 


METHOD 


Adult male Long-Evans rats (Simonsen Labs, Gilroy, 
CA) aged 90-120 days at the start of experiments were 
utilized as experimental subjects. Rats were maintained 
three per cage under controlled light (lights off 1100-2100) and 
temperature (22+ 1°C) conditions with ad lib access to food 
and water. 


Behavioral Screening Tests 


All animals were tested for the display of masculine sex- 
ual behavior prior to any experimentation. Testing was per- 
formed in semicircular arenas during the dark phase of the 
light-dark cycle (1230-1630). The male was placed into the 
arena for a period of adaptation (two to five minutes) prior to 
the introduction of a sexually receptive female via an over- 
head trapdoor. Females were rendered sexually receptive by 
subcutaneous injection of estradiol benzoate (100 yg in 0.1 
ml sesame oil) followed 48 hours later by progesterone (0.5 
mg in 0.1 ml sesame oil). Testing commenced four to six 
hours after progesterone, and only those females exhibiting 
good receptive behavior and no rejection behavior with 
nonexperimental males were used. The occurrence of each 
mount, intromission and ejaculation was recorded on an 
Esterline-Angus event recorder. Each male was given a 
maximum of three tests per week, with at least three days 
between successive positive tests (those with ejaculation). 
Only males achieving intromission (mounting with pelvic 
thrusting and behavioral actions indicative of penile insertion 
into the female vagina) within 15 minutes, ejaculation within 
30 minutes of the initial intromission, and which again in- 
tromitted in the 15 minute period following ejaculation, in at 
least three successive tests, were utilized. 


Definitive Behavioral Tests 


Behavioral observations were conducted as above and 
the following parameters were calculated from the record: 
mount (ML) and intromission latencies (IL), time from in- 
troduction of the female to the occurrence of the initial 
mount or intromission; ejaculation latency (EL), the time 
from the initial intromission to ejaculation; postejaculatory 
interval (PEI), the time from ejaculation to the next intro- 
mission; and mount (MF) and intromission (IF) frequencies, 
the number of mounts or intromissions preceding an ejacula- 
tion. Additionally, intercopulatory interval (ICI) was calcu- 
lated as EL/IF, and a measure of copulatory efficacy (CE) 
was calculated as IF/(MF + IF). Positive tests for experi- 
ments were terminated after the postejaculatory intromission 
of the first or second copulatory series. Negative tests were 
terminated when IL, PEI, or the time between successive 
intromissions exceeded 15 minutes, or when EL exceeded 
one hour. In a number of instances, RDS-127 treatment was 
followed by ejaculation on the initial intromission and in 
these cases IL was taken as the time from introduction of the 
female to ejaculation, El as zero, IF as zero, and CE (if no 
mounts preceded ejaculation) as 1.0. 
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Experimental Protocol 


RDS-127 was dissolved in distilled water and diluted to 3 
mg/ml. Metergoline was administered in various vehicles 
(see experiment 1, below) in a dose of 3 mg/ml. Pimozide was 
dissolved in several drops of glacial acetic acid and diluted to 
250 ug/ml. All injections were intraperitoneal in a volume of 
0.1 ml per 100 g body weight. Control injections were equal 
volumes of the appropriate vehicle. 

Experiment |. Previous experiments have examined the 
behavioral and neurochemical effects of metergoline [1,17]. 
In these studies metergoline was administered in various 
preparations containing 2 mg/ml ascorbic acid, or dissolved 
in small amounts of ethanol or acid and diluted [1,17]. In our 
initial experiment we examine the effects of varying the prep- 
aration of metergoline, administered in a dose of 3 mg/kg 90 
minutes pretest, on the sexual behavior of male rats. Thus, 
14 sexually vigorous male rats were tested at weekly inter- 
vals for seven weeks. Tests 1, 3, 5 and 7 were conducted 
after vehicle injection (vehicle for test 1: HO; for test 3: 
containing 2 mg/ml ascorbic acid; for test 5: containing sev- 
eral drops of absolute ethanol; and for test 7: containing 
several drops of glacial acetic acid). For test 2 metergoline 
was administered in a solution containing 2 mg/ml ascorbic 
acid; for test 4 metergoline was administered in a solution 
containing absolute ethanol; and for test 6 metergoline was 
dissolved in glacial acetic acid and diluted to 3 mg/ml. Test- 
ing initiated 90 minutes after treatment. 

As the results of test 6 revealed a suppressive effect for 
the final metergoline treatment (dissolved in glacial acetic 
acid then diluted), we assessed the effects of this metergoline 
preparation on the sexual behavior of 10 sexually vigorous, 
but drug naive rats. Animals were monitored for two con- 
secutive copulatory series, beginning 90 minutes after vehi- 
cle, 3 mg/kg metergoline, and vehicle injections on succes- 
sive weekly tests. 

Experiment 2. Twelve sexually vigorous male rats were 
used for this study. All were drug naive at the initial experi- 
mental test. Tests were conducted at weekly intervals for 11 
weeks. Test | assessed the effects of RDS-127 vehicle, six 
minutes pretest; test 2 assessed the effects of RDS-127, six 
minutes pretest; test 3 assessed the effects of the RDS-127 
vehicle, six minutes pretest; test 4 assessed the effects of 
pimozide pretreatment, 30 minutes prior to RDS-127, and 
was begun six minutes after RDS-127; test 5 assessed the 
effects of pimozide vehicle, 36 minutes pretest, followed by 
RDS-127 vehicle, six minutes pretest; test 6 assessed the 
effects of metergoline pretreatment, 90 minutes prior to 
RDS-127, and was begun six minutes after RDS-127; test 7 
assessed the effects of metergoline vehicle, 96 minutes pre- 
test, followed by RDS-127 vehicle, six minutes pretest; test 8 
assessed the effects of pimozide pretreatment, 120 minutes 
prior to RDS-127, and was begun six minutes after RDS-127; 
test 9 assessed the effects of pimozide vehicle, 126 minutes 
pretest, followed by RDS-127 vehicle, six minutes pretest; 
test 10 assessed the effects of pimozide, 120 minutes pretest; 
and test 11 assessed the effects of the pimozide vehicle, 120 
minutes pretest. 


Drugs 


RDS-127 was synthesized in the Department of Medicinal 
Chemistry of the University of lowa College of Medicine by 
Dr. J. G. Cannon or Dr. C. F. Barfknecht, and was gener- 
ously supplied to us by Dr. J. P. Long of the Department of 
Pharmacology of the University of Iowa College of 





RDS-127 AND EJACULATORY BEHAVIOR 


TABLE 1 


EFFECTS OF METERGOLINE (3 mg/kg, 99 MINUTES PRETEST) IN DIFFERENT VEHICLES ON MALE RAT 
COPULATORY BEHAVIOR 





Copulatory Test 2 3 4 


Meter- 
goline 
(ASC) 


Meter- 
goline 
(ETOH) 


Treatment 


(Vehicle) (Water) (ASC) (ETOH) 





Number Mounting/N 
Number Intromitting/N 
Number Ejaculating/N 


14/14 
14/14 
14/14 


13/14 
12/14 
12/14 


14/14 
11/14 
11/14 


14/14 
14/14 
14/14 


12/14 
12/14 
12/14 


Latencies: 
To Mount 0.7 0.7 
To Intromission 0.7 0.7 
To Ejaculation 5.1 5.1 
Intervals: 
Intercopulatory 1.1 
Postejaculatory 6.9 
Intromission Frequency 5 


1.8 0.8 
1.9 0.8 
6.5 5.2 


1.3 1.0 
6.3 6.0 
6 6 





Values are given as medians only for those rats displaying the behavioral patterns. 
ASC=2 mg/kg ascorbic acid: AC=several drops of glacial acetic acid per 5 ml distilled water; ETOH=several drops 
of absolute ethanol per 5 ml of distilled water; *=p<0.01; +=too few differences to test. 
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FIG. 1. Metergoline (3 mg/kg, 90 minutes pretest, dissolved in gla- 
cial acetic acid and diluted in distilled water) suppresses copulatory 
behavior in drug naive sexually experienced male rats. Values pre- 
sented are medians for those rats (N=5) ejaculating in all three tests. 
Tests were conducted at weekly intervals. (I=intromission, 
E=ejaculation, [L=intromission latency, EL=ejaculation latency, 
PEI=postejaculatory interval, [F=number of intromissions preced- 
ing ejaculation, ICI=average interval between intromissions; solid 
lines indicate values for the initial copulatory series and dotted lines 
for the second copulatory series; *=p<0.05 versus pre- and 
posttest values; a=p<0.05 versus pretest value; c=p<0.01 versus 
pre- and metergoline tests; ®=no treatment, M=metergoline and 
V=vehicle treatment). 


Medicine. Pimozide (base) and metergoline (base) were 
generously provided to us by M. Ralston of McNeil Phar- 
maceuticals and Dr. P. Francavilla of Farmitalia, respec- 
tively. RDS-127 and metergoline were always administered 
in a dose of 3 mg/kg. 


Statistics 


The number of rats displaying mounts, intromissions and 
ejaculations were analyzed using the McNemar test for sig- 
nificance of changes. Parameters of copulatory behavior 
were analyzed using Friedman two way analysis of variance 
(ANOVA) followed post-hoc by Wilcoxon matched pairs- 
signed ranks tests. Additionally, ANOVA was used to assess 
the effects of repeated testing and prior drug history by com- 
paring vehicle tests to one another, and to assess the effects 
of pretreatment with pimozide and metergoline compared to 
RDS-127 alone. In these experiments each individual rat 
served as his own control. 


RESULTS 


Experiment 1: Metergoline Suppresses Male Rat 
Copulatory Behavior 


Metergoline administered in vehicles containing either 2 
mg/ml ascorbic acid or containing a small amount of ethanol 
were without significant effect on masculine sexual behavior 
(Table 1). In contrast, when metergoline was initially dis- 
solved in glacial acetic acid and subsequently diluted to 3 
mg/ml it potently suppressed male rat sexual behavior, as 
evidenced by a drastic decrease in the number of rats dis- 
playing mounts, intromissions and ejaculations (Table 1). 
This effect was reproduced in drug naive rats, where in- 
creased IL, PEI and ICI in the initial copulatory series, and 
EL, PEI and ICI of the second copulatory series were 
observed in those rats displaying the behaviors (Fig. 1). 
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FIG. 2. Effects of pretreatment with pimozide (P3,=30 minutes prior 
to RDS-127; Py2o=2 hours prior to RDS-127; 250 ug/kg) and 
metergoline (Myo, 3 mg/kg 90 minutes prior to RDS-127) on RDS-127 
(R, 3 mg/kg, six minutes pretest) -induced seminal emission in the 
six minute period immediately after RDS-127 injection. Values for 


latencies are medians. (*=p<0.05 versus pre- and posttreatment 
tests). 


Experiment 2: Effects of Repeated Testing 


Comparisons between pre-experimental tests and vehicle 
tests after each treatment, except the test seven days after 
pimozide alone, revealed no significant differences in pa- 
rameters of copulatory behavior assessed. In the past we 
have observed no sensitizing effect of RDS-127 over the 
course of four weekly administrations, with a vehicle test 
between successive RDS-127 treatments [11, 13, 14]. It is, 
however, possible that the behavioral effects of pimozide 
and metergoline are altered as a consequence of prior RDS- 
127 treatment, or of altered neuronal function due to aging 
over the 11 weeks of the study. 


Effects of RDS-127 on Seminal Emission Ex Copula and 
Copulatory Behavior 


RDS- 127 (3 mg/kg) induced seminal emission in a majority 
of the males within six minutes of injection (Fig. 2a). In 
copulatory tests initiated six minutes after treatment, RDS- 
127 caused dramatic decreases in EL (p<0.01), IF (p<0.01), 
ICI (p<0.01) and PEI (p<0.01) with three rats ejaculating on 
the initial intromission (Fig. 3a). EL, (p9<0.01), PEI, 
(p<0.01), [Fy (p<0.05) and ICI, (p<0.05) were also reduced 
(Fig. 3a). Other parameters were not significantly altered 
(data not shown). 


Effects of Pretreatment With Pimozide and Metergoline on 
RDS-127-Induced Seminal Emission and Alterations in 
Copulatory Behavior 


RDS-127-induced seminal emission ex copula was signifi- 
cantly attenuated by treatment with pimozide (250 pg/kg) 
two hours prior to RDS-127 (p<0.03 comparing RDS-127 
(Fig. 2a) versus pimozide plus RDS-127 (Fig. 2d)), but was 
not altered by pimozide 30 minutes prior (Fig. 2b) nor by 
metergoline (3 mg/kg) 90 minutes prior to RDS-127 treatment 
(Fig. 2c). 

ANOVA comparison of effects after RDS-127 with effects 
after pretreatment with pimozide, 30 or 120 minutes prior, or 
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FIG. 3. Failure of pimozide and metergoline to antagonize RDS- 
127-induced alterations in male rat copulatory behavior. Tests were 
conducted weekly. Values presented are medians for those rats dis- 
playing the behaviors, and all rats ejaculated on every test (N=12). 
No significant differences were observed between alterations seen 
after RDS-127 alone compared to after pimozide and metergoline 
pretreatment (see legend to Fig. 2 for abbreviations). Also, no signif- 
icant differences were seen in pre-experimental and vehicle (V) 
tests. However, in tests seven days after pimozide alone significant 
increases in EL and ICI were evident (see text for further details). 


with metergoline, 90 minutes prior, revealed no significant 
differences in either quantitative or qualitative aspects of the 
parameters of copulatory behavior (Fig. 3). However, RDS- 
127 prevented the suppressive effects of metergoline ob- 
served in experiment | (Fig. 1 and Table 1). 


Effects of Pimozide on Male Rat Sexual Behavior 


Pimozide (250 g/kg) 120 minutes prior to behavioral ob- 
servation failed to alter any parameter of sexual behavior 
when compared to pretreatment tests. However, a long la- 
tency effect of pimozide is indicated by increases in EL 
(p<0.01), ICI (p<0.01), ICI, (p<0.01) and PEI (p<0.05) in 
tests conducted 120 minutes after vehicle injections and one 
week after pimozide treatment (Fig. 3e). In tests conducted 
two weeks after pimozide treatment all parameters of 
copulatory behavior were equivalent to values obtained in 
the pre-pimozide test (data now shown). 


DISCUSSION 


Confirming our previous results [11, 13, 14] treatment 
with RDS-127 (3 mg/kg, six min pretest) induced seminal 
emission ex copula and drastically reduced the amount of 
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stimulation (IF) required to elicit ejaculatory behavior during 
mating. An unexpected finding of the present studies is that 
metergoline, a putative serotonergic-receptor antagonist (but 
exhibiting multiple neuronal actions, [17]) suppressed male 
rat copulatory behavior. Serotonin has previously been sus- 
pected of being inhibitory to male rat sexual behavior (e.g., 
[2—4, 21, 22]), which would predict an opposite effect for 
serotonergic antagonists. Our observation contrasts the re- 
ported lack of effect of 1-10 mg/kg metergoline on male rat 
sexual behavior [1]. A recent report by Mendelson and Gor- 
zalka [25] indicates a similar situation for the serotonergic 
antagonist pirenperone which potently inhibited male sexual 
behavior, in contrast to an earlier reported lack of effect [1]. 
In those situations where a serotonergic antagonist inhibited 
male sexual behavior rats of the Long-Evans strain were 
used, whereas the lack of effects were reported for the Wis- 
tar strain. Also, the antagonists were administered in differ- 
ent vehicles, suggesting that strain differences or bioavaila- 
bility of different preparations may be involved in the ob- 
served discrepancies. 

Although metergoline dramatically suppressed male rat 
sexual behavior, pretreatment failed to antagonize the 
RDS-127 induction of seminal emission ex copula or 
ejaculatory behavior in copula. In contrast, RDS-127 pre- 
vented the metergoline-induced suppression of copulatory 
behavior, suggesting that the sexual effects of RDS-127 may, 
at least in part, be mediated by a serotonergic mechanism 
accessible to both metergoline and RDS-127. Perhaps a 
higher dose of metergoline would antagonize the facilitatory 
effects of RDS-127. Along the lines of a possible action of 
RDS- 127 at serotonergic sites, this agent has previously been 
reported to possess some serotonergic antagonist properties 
in the periphery (i.e., guinea pig ileum [7]; and vascular 
smooth muscle [9]), but not in the central nervous system 
[6]. Radioligand binding studies have elucidated multiple 
serotonergic binding sites in the rat central nervous system. 
Initially ,*H-serotonin and *H-spiperone were utilized to dis- 
tinguish 5-HT, and 5-HT, sites [30,31]. Subsequently, sub- 
types of the 5-HT, binding site have been described [15, 30, 
33]. DPAT is a potent serotonergic agonist [19,20] which can 
directly tabel the 5-HT,, binding site, a site which demon- 
strates a high affinity for DPAT and spiroperidol [17,26]. 
Although the pharmacological properties of the 5-HT,, site 
are less well defined, they appear to account for the majority 
of *H-5-HT binding in the corpus striatum [27,28]. DPAT 
potently alters male rat copulatory behavior in a manner 
similar to RDS-127 [1, 2, 4], and RDS-127 potently and 
preferentially interacts with 5-HT,, binding sites in brain 
membranes (K,=14 for RDS-127 and K,=0.8 nM for DPAT 
[12]). The observed differences in 5-HT,, binding predict the 
maximal effective doses in eliciting a facilitation of ejacula- 
tory behavior in copula (0.25 mg/kg for DPAT and 3 mg/kg 
for RDS-127 [1, 2, 4, 13]). Lisuride is another pharmacologi- 
cal agent that preferentially interacts with the 5-HT,, binding 
site (Peroutka, personal communication) and potently 
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facilitates ejaculatory behavior during mating [2,3]. Data are 
unavailable on the possible effects of DPAT and lisuride on 
seminal emission or penile reflexes ex copula. Taken in 
toto these data suggest that 5-HT,, binding sites within the 
rat central nervous system may be of physiological import in 
the regulation of the ejaculatory threshold in copula. 

Pretreatment with the dopamine-receptor antagonist 
pimozide, in a dose which has previously been reported to 
antagonize purported dopaminegic effects of RDS-127 on lo- 
comotor activity [5,6], temperature regulation [5] and feed- 
ing behavior [8] and which prevents the sexual effects of a 
low dose of apomorphine [29], attenuated the induction of 
seminal emission ex copula by RDS-127 but failed to antag- 
onize the RDS-127 facilitation of ejaculatory behavior in 
copula. This dose of pimozide (250 yg/kg) does not alter 
copulatory behavior [11,29], but higher doses are effective in 
suppressing both sexual motivation and ejaculatory behavior 
({24]; Clark, unpublished observations). Other dopaminergic 
agents have been reported to elicit seminal emission ex 
copula after intracerebroventricular administration [16]. 
Further, although other supposed dopaminergic effects of 
RDS-127 are antagonized by pretreatment with the 
dopamine-receptor antagonist domperidone (which does not 
readily enter the brain [5]), this agent is without effect on 
RDS-127-induced seminal emission ex copula or the facilita- 
tion of ejaculatory behavior in copula, although it effectively 
prevents RDS-127-induced decrements in_ circulating 
prolactin levels [11]. Taken together, these observations 
suggest that seminal emission ex copula, as induced by 
RDS-127, may be mediated by dopaminergic receptor stimu- 
lation within the central nervous system (and probably of the 
D2 type; see [34] for a discussion of subtypes of dopamine 
receptors). Conversely, the facilitation of ejaculatory behav- 
ior in copula appears to be mediated by nondopaminergic 
mechanisms. 

The present results suggest that seminal emission ex 
copula and ejaculatory behavior in copula are regulated by 
separate neurochemical systems. Subsequent experiments 
have indicated that intracerebroventricular administration of 
RDS-127 has similar effects on seminal emission ex copula 
and ejaculatory behavior in copula, and, further, that RDS- 
127 is preferentially active at the 5-HT,, binding site in brain 
membrane preparations [12]. We suggest that RDS-127 
facilitates seminal emission ex copula via a dopaminergic 
mechanism, but facilitates ejaculatory behavior in copula via 
a nondopaminergic mechanism, perhaps by interacting with 
the 5-HT,, subtype of serotonergic binding sites. 
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KEMBLE, E. D., L. A. SCHULTZ AND A. E. THORNTON. Effects of fluprazine hydrochloride on conspecific odor 
preferences in rats. PHYSIOL BEHAV 37(1) 53-56, 1986.—The effect of Fluprazine Hydrochloride (DU 27716) on 
preference for conspecific male, estrous female and food odors was examined in male rats utilizing a two-compartment 
choice apparatus. Treatment with 8.0 mg/kg Fluprazine enhanced the preference of males for male odors but had no effect 
on preference for either estrous female or food odors. The drug-induced enhancement of male odor preference is consistant 
with the suggestion that Fluprazine interferes in some way with the processing of olfactory stimuli which normally precede 
offensive attack. The failure of the drug to alter the preference of males for estrous female odors suggests that the increased 
sniffing of estrous females noted during social testing may be secondary to other sources of conspecific stimulation or may 
reflect a highly transitory effect on olfactory processes. These results suggest that the suppressive effects of Fluprazine on 
intermale aggression and copulation are mediated by somewhat distinct mechanisms. 
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A number of piperazine compounds (DU 27716, 27725, 
28412) strongly inhibit offensive attack in rats and mice [1, 4, 
11, 16, 17, 18, 19] while leaving defense intact [3, 11, 18] or 
somewhat enhancing it [1, 17, 19]. Although little is known 
about the mechanisms by which these drugs reduce offense, 
some observations suggest that altered olfactory function 
may be an important contributor. During paired-encounter 
tests between male rodents, some investigators report an 
increase in sniffing and nosing behaviors following drug 
treatinent ({17,19], but see [1]). If these increases in sniffing 
and nosing are a primary effect of the drugs, however, the 
fact that other social behaviors (e.g., latency to approach, 
grooming) are not consistently altered by the drugs [1, 11, 18, 
19] makes it likely that the drugs interfere with the normal 
processing of olfactory cues at higher, rather than primary, 
sensory levels [11,19]. 

Recently, Fluprazine Hydrochloride (DU 27716) has also 
been shown to strongly suppress copulation in male rats [10]. 
Flannelly et al. [10] also noted that Fluprazine increased 
body sniffing of the estrous females but had no effect on a 
number of other social behaviors (e.g., latency to initiate 
social investigation, ano-genital and vaginal licking). The 
fact that enhanced sniffing accompanies the drug-induced 
inhibition of both copulatory and offensive attack behavior 
suggests the interesting possibility that the piperazines affect 
olfactory mechanisms which are common to both classes of 
behavior. The close association of copulatory and attack be- 





havior (e.g., [8,9]) and the important role of olfaction in both 
behaviors (e.g., [7, 12, 14, 15, 22, 24]) is generally consistent 
with this possibility. Since previous research has shown that 
male rats are selectively responsive to the odors of estrous 
females [13,20], some measure of olfactory preference 
seemed a useful approach to this question. 

The present experiments examined the effects of Flup- 
razine on reactivity to conspecific male, estrous female or 
food odors. A two-compartment choice apparatus, with 
odors as the only source of conspecific stimulation, was 
utilized to rule out the possibility that previously reported 
drug effects on sniffing were secondary to some other source 
of conspecific stimulation. Since all three experiments em- 
ployed highly similar procedures, they will be discussed to- 
gether. 


METHOD 
Subjects 


The subjects were 50 experimentally naive male albino 
rats supplied by the Holtzman Co. and weighing 279-530 g at 
the time of testing. Eighteen rats (Drug=9, Saline=9) were 
tested for reactivity to male conspecific odors, 16 sexually 
experienced male rats (Drug=8, Saline=8) with the odors of 
estrous female rats, and 16 male rats (Drug=8, Saline=8) with 
the odor of peanut butter. All subjects were individually 
housed in stainless steel wire mesh cages and had ad lib 
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TABLE 1 


MEAN TIME (SEC + SEM) SPENT IN ODOR AND NO-ODOR COMPARTMENTS BY FLUPRAZINE-TREATED 
(DRUG) AND CONTROL (SALINE) RATS FOR THREE ODOR SOURCES 





No 


Treatment Odor 


Male 


Female 


Stimulus Condition 


No No 
Odor Food Odor 





Saline 
Drug 


516.70 (21.84) 
617.56 (33.48) 


383.30 
282.43 


654.61 (45.90) 
604.89 (18.69) 


245.39 
295.11 


413.52 (33.42) 
374.26 (37.62) 


486.48 
525.74 





access to Purina Lab Chow and water throughout the exper- 
iment. The animals were maintained under a 12 hr light/dark 
cycle (lights on at 0800 hr) and all testing was conducted 
during the light phase of the cycle. 


Apparatus 


Testing was conducted in an 82.0x24.0x38.2 cm 
chamber. Three walls were constructed of plywood painted 
flat gray. One wall and ceiling were of clear Plexiglas and the 
floor was of 0.6 cm hardware cloth. The chamber was di- 
vided into two 39.2x22.2 cm compartments by a flat gray 
plywood wall with a 6.4 cm dia. circular opening centered on 
the wall 2.5 cm above the floor. Beneath the hardware cloth 
floor of each compartment was an 8.0 cm high space with 
side and dividing walls of plywood. Each space contained a 
38.0x21.5x4.5 cm stainless steel litter pan which was filled 
to a depth of 4.0-4.5 cm with fresh fir shavings alone, or 
shavings containing the odorous material. Illumination was 
provided by a 25 W red incadescent bulb suspended 29 cm 
above the chamber. Observations were carried out from an 
adjacent room through a one-way vision screen. 


Odor Stimuli 


Male conspecific odor was provided by 16 male Holtzman 
rats of the same age as the experimental subjects. Feces, 
urine and food scraps were allowed to accumulate for 4-8 
days in litter pans filled to a depth of 4.0-4.5 cm with fir 
shavings and located beneath the wire mesh floor of the 
donor’s home cage. A preliminary study revealed no prefer- 
ence by rats for the odor of the food scraps alone. These 
litter pans were removed from the home cage immediately 
before testing and inserted into the testing apparatus. Each 
donor rat provided odor for a single experimental subject. 

Female odor was provided by 8 virgin adult Holtzman 
rats. Each female received 20 wg subcutaneous injections of 
estradiol benzoate 62 and 38 hr prior to testing and 0.5 mg of 
progesterone 18 hr prior to testing. During this time the 
donor females were individually housed for 62 hr in direct 
contact with fir shavings on the bottom of their cages. The 
soiled litter was placed in a stainless steel litter pan (4.04.5 
cm deep) immediately prior to testing. Each female provided 
odor for two experimental subjects. 

Food odor was provided by 3.5 g of peanut butter placed 
at each end of a 7.712.7 cm white index card. The card 
containing the peanut butter was placed in the center of a 
litter pan on top of the fir shavings. An empty index card was 
placed in the center of the second litter pan. The peanut 
butter was renewed prior to each behavioral test. 


Procedure 


All subjects were habituated to the apparatus for 15 min 
1-4 days prior to testing. The subjects were randomly as- 
signed to drug or saline conditions matched for body 
weights. Half of the subjects in each group were randomly 
designated to receive odor in each of the two apparatus com- 
partments. Thirty min before testing, each subject received 
an intraperitoneal injection of Fluprazine Hydrochloride (8.0 
mg/kg) or an equivalent volume of isotonic saline. The 8.0 
mg/kg dose was selected because it has been repeatedly 
shown to strongly reduce conspecific offense (e.g., [11,17]) 
as well as copulation [10] but to be well below sedative levels 
(e.g., [11,17]). Immediately prior to testing, a litter pan with 
fir shavings containing the odorous substance was placed 
beneath the floor of one compartment, and a pan containing 
fresh fir shavings under the other. Each rat was placed in the 
apparatus for 15 min and the amount of time spent in each 
compartment was recorded with a 0.01 sec electronic timer. 
The number of shuttles between the two compartments was 
also recorded. The number of fecal boluses excreted was 
recorded during testing of male odors but only 4 of 18 rats 
defecated during this test with no suggestion of a drug effect 
(p>0.10). This measure was therefore excluded from subse- 
quent observations. The odorous material was removed im- 
mediately after testing, the chamber thoroughly cleaned with 
a mild detergent solution and the apparatus allowed to air for 
at least 10 min between each behavioral test. 


RESULTS 


The results of these experiments are summarized in Table 
1 which presents the mean time spent in the compartment 
containing male, estrous female, or food odors (odorous 
compartment) and in the compartment containing only fresh 
bedding material (non-odorous compartment) by drug and 
saline-treated rats. When given access to conspecific male 
odors, drug-treated rats spent considerably more time in the 
odorous compartment (mean=617.6 sec) than the non- 
odorous compartment (mean=282.6 sec, p<0.05) with all 
nine rats spending more than 50% (i.e., 450 sec) of the trial in 
this compartment (mean=68.6%, Sign Test, p<0.05). Al- 
though the saline-treated rats tended to spend more time in 
the odorous (mean=516.7 sec) than the non-odorous com- 
partment (mean=383.3 sec), only 7 of 9 rats showed this 
preference (mean=57.4%, Sign Test, p>0.10). Comparison 
of the two groups revealed that the drug-treated rats spent 
significantly more time in the odorous compartment, 
1(17)=2.38, p<0.05. There was no significant difference in 
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the number of shuttles by the drug (mean=26.1) and saline- 
treated groups (mean=27.1, t<1.0). 

When tested with estrous female odor, all rats in both the 
drug and saline-treated groups showed a preference for the 
odorous compartment (Drug, mean=67.2%; Saline, 
mean=72.7%). Although average time in the odorous com- 
partment was greater for saline (mean=654.6 sec) than drug- 
treated rats (mean=604.9 sec), this difference was not statis- 
tically significant (t<1.0). There was no significant differ- 
ence in the number of shuttles by Drug (mean=31.1) and 
Saline Groups (mean=20.1, 1<1.0). 

Reactivity to the food odor is summarized in Table 1. 
Only 2 of 8 drug-tested rats spent more than half of the trial 
in the compartment containing the food odor (mean=374.3 
sec). While 4 of 8 saline-treated rats spent more than half of 
the trial in the food odor compartment (mean=413.5 sec) 
there was no suggestion of a group difference (¢<1.0). There 
was no significant difference in the number of shuttles by 
drug (mean=30.5) and saline-treated rats (mean=22.0, 
t<1.0). 

At the conclusion of the experiments, the effectiveness of 
the odors in altering preference was examined by comparing 
the amount of time spent in the odorous compartment across 
the three odors for each group separately. Analyses of vari- 
ance revealed that duration was strongly affected by the type 
of odor for both the Saline, F(2,22)=10.49, p<0.01, and 
Fluprazine Groups, F(2,22)=17.62, p<0.01. 


DISCUSSION 


The present experiments reveal that Fluprazine increases 
preference for male conspecific odors in male rats at a dos- 
age that also strongly inhibits intermale offense. This finding 


is quite congruent with observations of increased sniffing 
and nosing during paired encounters [17,19]. The fact that 
the drug had no effect on preference for either estrous female 
or food odors and that drug-treated rats shifted preference 
for the three odors indicates that Fluprazine neither 
produced a generalized increase in reactivity to olfactory 
stimuli nor an obvious impairment in odor discrimination. 


Rather, the drug seems to exaggerate responsiveness to 
some other features (e.g., motivational, reinforcing) of the 
odor. This interpretation is consistent with earlier sugges- 
tions that Fluprazine interferes with higher-order olfactory 
processing which may contribute importantly to the anti- 
aggressive effects of this drug [11,19]. It should be noted, 
however, that Fluprazine also increases stimulation 
thresholds for attacks elicited by hypothalamic stimulation 
[18]. It is not clear how olfactory function might contribute 
to such attacks. Further, though Fluprazine inhibits offen- 
sive attack in both rats and mice, possible species differ- 
ences in the drug’s mode of action merit careful considera- 
tion [1, 11, 19]. 

Since Fluprazine treatment increases body sniffing of es- 
trous females [10] as well as males during social encounters, 
the drug might also have been expected to alter preference 
for these odors. Indeed, it is possible that Fluprazine did, in 
fact, briefly alter responsiveness to estrous odors during ini- 
tial contacts. It has been noted that sexually experienced 
males sniff estrous females only briefly prior to copulation 
[6, 21, 22] and that peripheral anosmia impairs the identifica- 
tion of estrous females only during initial contacts [23]. 
Possibly then, a transient drug effect on responsiveness to 
estrous odors would not be detected by a 15 min preference 
test. Alternatively, it is possible that the anti-copulatory ef- 
fects of Fluprazine are mediated by altered responsiveness 
to non-olfactory sources of stimulation which are also known 
to contribute importantly to normal male copulatory behav- 
ior (e.g., [2, 5, 21, 22, 23, 24]). Although the present experi- 
ments do not permit a choice between these alternatives, 
they argue that the inhibitory effects of Fluprazine on inter- 
male attack and copulatory behavior are mediated by some- 
what distinct mechanisms. 
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SMOTHERMAN, W. P., S. R. ROBINSON AND B. J. MILLER. A reversible preparation for observing the behavior of 
fetal rats in utero: Spinal anesthesia with lidocaine. PHYSIOL BEHAV 37(1) 57-60, 1986.—A technique is described 
whereby lidocaine with epinephrine is injected into the spinal cord of the pregnant rat to produce reversible spinal 
anesthesia. This technique is useful for preparing pregnant females to study the spontaneous behavior of their fetuses in 
utero. Comparison of this procedure with an alternative, but irreversible, spinal preparation (chemomyelotomy) indicates 
that reversible lidocaine anesthesia does not differentially influence the activity of rat fetuses on Day 19 of gestation. This 
procedure will enable repeated observation of the same fetus at various stages of gestation and provide a means for the 


longitudinal study of behavioral development across the transition from prenatal to postnatal life. 
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INTEREST in tracing the origins of behavior into the em- 
bryonic period has waxed and waned since the early days of 
embryology and comparative psychology. Much of the early 
research was motivated by the controversy over the role of 
experience in behavioral development and the search for 
continuities in behavior across the transition from prenatal 
to postnatal life. Owing to technical difficulties with observ- 
ing prenatal behavior, however, much of the original work 
took advantage of the relative simplicity of observing and 
manipulating avian embryos in ovo [5,8]; the ontogeny of 
behavior in mammalian fetuses has, until recently, been rel- 
atively unexplored (cf. [18]). 

By adapting techniques that were pioneered in the 1930's 
[1,3], the intrauterine environment of the developing fetus 
has become accessible for observation and systematic exper- 
imentation. To observe the spontaneous behavior of fetuses 
in utero, it is necessary to intervene in the maternal/fetal 
environment. Unfortunately, maternal preparations that are 
ostensibly similar can produce different effects on the fre- 
quency and patterning of spontaneous fetal behavior [13]. To 
date, the investigator has been faced with a trade-off be- 
tween observation quality and duration: the behavior of 
non-anesthetized fetuses may be assessed indirectly through 
external monitoring devices, or directly through surgical 
preparation of the pregnant female. Using external monitor- 
ing techniques, longitudinal study of the same fetus during 
both prenatal and postnatal life would be possible, although 
current monitoring technology could discriminate among 
relatively few patterns of fetal behavior [4,9]. Alternatively, 
short-duration surgical preparation of animal subjects can 
enable direct visualization of fetuses within the externalized 


uterus, with a concomitant increase in the potential for de- 
tailed behavioral description [14,16]. What has been lacking 
until now is a procedure combining the advantages of de- 
tailed behavioral analysis with the capability for repeated 
application. 

We now report a spinal anesthetic using lidocaine that 
provides such a balance between observation quality and 
repetition. This reversible technique enables direct, detailed 
observation of the developing rat fetus over successive days 
during late gestation, facilitating the study of prenatal- 
postnatal behavioral continuities. 


METHOD 
Subjects 


Adult subjects in this study were female Sprague-Dawley 
rats (Simonsen Laboratories, Gilroy, CA). To produce sub- 
ject fetuses for behavioral observation, 42 females were bred 
to Long-Evans male rats. Vaginal smears were taken daily to 
identify the day of conception (first detectable sperm = Day 
0 of gestation). Females were housed in groups of three in 
polycarbonate cages (32.7<37.8x9.5 cm) until the day of 
observation, when they were rehoused individually. Cages 
remained in a temperature- and humidity-controlled colony 
room on a 12-12 hr light/dark cycle (lights on at 0700). 
Throughout the experiment, food and water were con- 
tinuously available. 


Spinal Preparation 


Two different procedures were used to prepare females 
for observation of fetuses: 22 females were prepared by 
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chemomyelotomy and 20 by lidocaine spinal anesthesia. 
Spinal preparation was performed on Day 19 with females 
under ether anesthesia. A dorsal approach was used to insert 
a 25 ga needle into the spinal cord between the first and 
second lumbar vertebrae. In chemomyelotomy, 100 ul of 
100% ethyl alcohol was injected into the spinal cord, produc- 
ing an irreversible form of chemical spinal transection [2,13]. 

A series of preliminary investigations were conducted to 
measure the effectiveness of different lidocaine solutions in 
producing reversible spinal anesthesia. Following the same 
general procedures used in _ preparing females by 
chemomyelotomy, non-pregnant females received spinal in- 
jections of 70 ul 1.0% lidocaine (Duracaine, Burns Veteri- 
nary Supply, Oakland, CA) in an isotonic saline carrier, 70 yl 
2.0% lidocaine, 70 ul 2.0% lidocaine containing 0.001% epine- 
phrine (10 xg epinephrine/ml solution; Elkins-Sinn Inc., Cherry 
Hill, NJ), 100 ul 2.0% lidocaine containing 0.001% epinephrine, 
or a Saline solution containing epinephrine alone. All lidocaine 
injections resulted in temporary paralysis of the posterior half 
of the body followed by complete recovery (no sign of impaired 
limb movement) upon checking 24 hr later. None of the in- 
jections of epinephrine alone produced paralysis. In general, 
the duration of effective spinal blockade increased across the 
four dosage groups. Spinal anesthesia was shortest in the 
1.0% lidocaine group (mean=15+2 min), intermediate with 
2.0% lidocaine without epinephrine (mean=38+5 min), and 
longest with 2.0% lidocaine with epinephrine (mean=55+8 
min at 70 wl; 51+2 min at 100 pl). 

In a follow-up study, ten pregnant female rats received 
spinal injection of 100 ul 2.0% lidocaine with epinephrine on 
Day 19 of gestation. Following recovery from spinal 
anesthesia, each female was housed individually until par- 
turition. All ten females delivered healthy litters at term. 
There was no evidence that lidocaine spinal anesthesia in 
any way reduced the number or viability of pups in these 
litters (mean number of pups/litter=13.4+0.6; consistent 
with the population of normal litters produced in our labora- 
tory). Further, tests on two days subsequent to parturition 
revealed that treated mothers retrieved pups dispersed from 
the nest, suggesting that maternal behavior was not affected 
by lidocaine spinal anesthesia during pregnancy. Based on 
the findings of these preliminary studies, a solution of 2.0% 
lidocaine with 0.001% epinephrine in a physiological saline 
carrier, injected at a volume of 100 ul, was judged to be most 
effective in producing (a) complete abdominal and hindlimb 
paralysis, (b) consistently long periods of spinal anesthesia 
(in excess of 50 min), and (c) complete recovery after 
anesthesia. This lidocaine solution was used to prepare 
pregnant females for observation of fetuses. 


Behavioral Observation of Fetuses 


Following spinal preparation, the abdomen of the preg- 
nant female was shaved and a midline laparotomy per- 
formed. The female was restrained in a plastic holding appa- 
ratus (Lothar Products, Corvallis, OR) and her hindlegs and 
lower abdomen immersed in a warm bath (37.5°C) containing 
isotonic saline (Locke’s solution). Both horns of the uterus 
were exteriorized through the abdominai incision and 
allowed to float freely in the bath. At least 15 min elapsed 
before onset of observation to allow the female and fetuses 
to fully recover from ether anesthesia [6]. 

One subject fetus was observed in each mother from near 
the middle of one uterine horn. In preparation for observa- 
tion, the subject fetus, still inside its amniotic sac, was deliv- 
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FIG. 1. Mean frequency of behavioral events (+SEM) for ten 
categories of fetal movement and one category of maternal move- 
ment: WA (Whole Activity), CA (Component Activity), F (Foreleg), 
R (Hindleg), H (Head), M (Mouth), C (Body Curl), S (Body Stretch), 
T (Body Twitch), CO (Complex Movement), and MA (Mother 
Active). 


ered through a small incision in the uterus into the water 
bath, taking care to preserve the connection between 
placenta and uterus. One person observed the fetus for a 
period of 10 min, assigned each occurence of spontaneous 
fetal movement to a discrete category, and verbally called 
out the observed events to a second person; the same indi- 
vidual was involved in all fetal observations reported here. A 
second person entered behavioral data into a real-time event 
recorder and monitored bath temperature. In previous exper- 
iments we have found this observation protocol to have high 
reliability (with scores in excess of 0.90) while preserving a 
continuous, sequential record of fetal behavior over the ob- 
servation period [14]. 


Categories of Fetal Behavior 


Seven specific categories of fetal behavior were distin- 
guished. Head movement comprised any discernible motion 
of the head, involving flexion and/or rotation of the head and 
neck. Mouth movement involved one cycle of opening and 
closing the mouth, without regard to movements of the 
tongue. Foreleg involved flexion or extension of one or both 
forelimbs, including movements that originate at the shoul- 
der, elbow, wrist or digits. Hindleg included flexion or ex- 
tension of one or both hindlimbs, originating at or distal to 
the pelvis. Twitch was a momentary, spasmodic contraction 
of muscles of the lateral and ventral portions of the trunk in 
the general vicinity of the diaphragm. Curl consisted of ven- 
tral or lateral flexion or torsion of the entire body trunk, 
causing the posterior end of the body to move to one side of 
the medial sagittal plane. Stretch involved dorsal extension 
of the body trunk, causing the body to straighten or curve 
backward with the pelvic region moving above the horizontal 
plane of the body. These seven categories were sufficient to 
incorporate virtually all movements of the Day 19 rat fetus; 
only rare, local movements (such as eye-blinking and ear- 
wiggling) were ignored [16]. 

Because the seven basic categories of behavior were de- 
fined independently, it was possible for them to occur indi- 
vidually or in any combination. Several summary categories 
were developed to reflect overall fetal activity and the syn- 
chronous movement of different body parts. Whole Activity 
was the total number of times a fetus was recorded as active 
during the entire 10-min observation session; in this index 
each Complex Movement was scored as a single Whole Act. 
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Component Activity was the total number of individual 
body-part movements of a fetus, with each behavioral com- 
ponent of a Complex Movement scored as a separate Com- 
ponent Act. Complex Movement was the number of in- 
stances when two or more individual movement patterns oc- 
curred simultaneously (e.g., Foreleg and Mouth). The fre- 
quency of Complex Movement was also converted to a per- 
centage of total Whole Activity as a measure of Synchronic- 
ity of fetal behavior. An index of behavioral diversity was 


calculated from the Shannon-Weaver measure of entropy 
[12]: 


D= 3 (p, X — log, pi), 


where n is the number of behavioral categories, P; is the 
probability that behavior i will occur as the next act, and D is 
the overall entropy or Diversity of behavior expressed in bits 
per act. D will reflect variations in the distribution of fetal 
activity among the seven basic categories of behavior and 
will range from a value of 0 (when one category has a 
probability of 1.0) to a maximum of log, n (when all 
categories are equally probable). In addition to recording 
fetal behavior, movements of the pregnant female that 
caused the free-floating uterus and fetus under observation 
to be passively moved were noted (Mother Activity). 


Post-Observation Procedures 


Following the fetal observation, ten lidocaine-prepared 
females received treatment to facilitate their recovery and 
subsequent parturition. The unmanipulated uterine horn was 
rinsed with isotonic saline and replaced in the female's body 
cavity. The observed fetus and its placenta were removed 
from the manipulated uterine horn and the incision in the 
uterus sealed using one of three different closures: 6-0 silk 
sutures, stainless-steel wound clips, or cyanoacrylate adhe- 
sive [17]. After the manipulated uterine horn also was re- 
placed in the body cavity, the laparotomy was closed with 
sutures and wound clips, and the female towel-dried and 
placed under a heat lamp to facilitate recovery. These 
females were returned to the colony room and allowed to 
deliver litters. The pups in each litter were weighed, 
counted, and their condition noted on the day of birth. 


RESULTS 


All 20 females prepared by lidocaine spinal anesthesia 
showed complete paralysis of the abdomen and hindlimbs 
after immersion in the warm water bath and throughout the 
period of fetal observation. Movements by the mother were 
infrequent and did not differ between chemomyelotomy 
(mean+SEM=1.1+0.5 movements per 10 min) and lidocaine 
preparation (2.0+0.6). 

There was no evidence that the two methods of spinal 
preparation produced differential effects on spontaneous 
fetal behavior. Although there was a tendency for fetuses 
from lidocaine-prepared mothers to be more active, the fre- 
quency of Whole Activity, Component Activity and Com- 
plex Movement did not differ significantly between lidocaine 
spinal anesthesia and chemomyelotomy (Fig. 1). Similarly, 
none of the seven specific categories of fetal movement dif- 
fered between preparations (all p’s>0.05). Overall, about 
29% of all bouts of fetal activity consisted of simultaneous 
movement of two or more body parts. The Synchronicity of 
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fetal movements did not differ between preparations, how- 
ever (lidocaine: 30.8%; chemomyelotomy: 26.7%). Behav- 
ioral diversity was nearly identical in the two preparations 
(lidocaine: 1.83 bits per act: chemomyelotomy: 1.88 bits per 
act; maximum diversity: 2.81 bits per act). Subjectively, the 
behavior of fetuses in the lidocaine group appeared com- 
parable in every respect to fetal behavior observed in previ- 
ous research [13,14]. 

Two to three days after observation, nine of the ten 
lidocaine-prepared females that received post-observation 
treatment delivered live litters; one female was sacrificed 
owing to poor condition. The mean (+SEM) number of pups 
in these litters was 7.1+1.1 (range 1 to 12), which was 58% of 
all fetuses remaining in the uterus on the day of observation. 
Delivered pups did not differ in birth weight from nonex- 
perimental pups, and 96% of the pups alive at birth survived 
to the time of the final litter check two days postpartum. 
With the exception of one female, all mothers exhibited 
normal pup retrieval responses on both test days. Two days 
after birth, each litter and mother was sacrificed and the 
female necropsied. While no attempt was made at the time of 
observation to individually mark fetuses, it was evident from 
initial counts of fetuses in utero and counts after birth that 
(a) some fetuses from the manipulated uterine horn survived 
and were delivered normally, and (b) some fetuses from the 
unmanipulated horn failed to survive until birth. The nec- 
ropsies revealed several fetuses that had not been delivered. 
In all cases, the undelivered fetuses were in the manipulated 
uterine horn on the ovarian side of the uterine incision. To 
conclude, it is apparent that none of the three methods of 
uterine closure employed in this study (suture, wound clip, 
and adhesive) was entirely successful in facilitating normal 
delivery from incised uterine horns. This may present diffi- 
culties for repeated observation of the same subject fetus ex 
utero. However, because the complications arise as a result 
of surgical incision of the uterus, we see no impediment for 
the repeated use of reversible lidocaine spinal anesthesia 
when the subject fetus is viewed in utero, through the wall of 
the uterus. 


DISCUSSION 


With current technology, direct and detailed observation 
of fetal behavior in utero is possible only by externalization 
of the uterus without the use of general maternal anesthesia 
[15]. Currently, two alternative procedures are being used to 
produce’ spinal blockade in pregnant animals: 
chemomyelotomy and spinal transection [7, 10, 11, 14]. Un- 
fortunately, these two maternal preparations are irreversible 
and result in different levels of fetal activity and different 
patterns of behavioral development [13]. We have reported 
that chemomyelotomy may be the preferable technique 
owing to the simplicity of its administration, consistency of 
effect on mother and fetuses, reduced surgical trauma, and 
infrequency of mortality (about 2%). 

The lidocaine spinal anesthetic procedure described in 
this study provides a tool comparable to chemomyelotomy 
for the direct study of fetal behavior. Lidocaine injection into 
the spinal cord at the LI-L2 level produces consistent spinal 
anesthesia for an hour or more. The distribution of fetal be- 
havior among different categories of movement is identical in 
the two preparations, and the overall level of fetal activity is 
similar (if anything, activity is slightly higher in lidocaine 
spinal anesthesia). The principal distinction of lidocaine spi- 
nal anesthesia is its reversibility. Pregnant females prepared 
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with lidocaine not only recover in the short term, but survive 
to deliver live litters and exhibit normal maternal behavior. 
With the caveat that fetuses be observed through the uterine 


wall, this reversible preparation can provide the first means 
for repeated, detailed observation of the fetus in utero, bridg- 
ing the transition from prenatal to postnatal life. 
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IRISAWA, N. AND T. IWASAKI. Aversive-CS-specific alterations of evoked potentials in limbic and relateu areas of 
rats. PHYSIOL BEHAV 37(1) 61-67, 1986.—Averaged evoked potentials (EP) to a CS (flash) were recorded sequentially 
in classical appetitive conditioning, satiated state after appetitive conditioning, highly alert state by noncontingent shocks, 
and classical aversive conditioning from a rat. The EPs were obtained from the central gray matter, superior colliculus, 
perifornical hypothalamic area, dorsal frontal cortex, and occipital cortex. Alterations unique to aversive conditioning were 
found in the dorsal frontal cortex (40-60 msec in latency) and in the perifornical hypothalamus (80-120 msec) but not in the 
central gray or occipital cortex. The frontal cortex might start processing information related to aversive or defensive 


emotion before the perifornical hypothalamic area might do it. 


Rat Central gray Frontal and occipital cortices 
Aversive and appetitive conditionings 





SEVERAL brain areas like the midbrain central gray matter, 
the perifornical hypothalamic area, the septum and the fron- 
tal cortex are known to be concerned with defensive or aver- 
sive emotional behavior [2, 3, 4, 8, 16, 17, 30, 32]. Al- 
though there is no doubt that these limbic and limbic-related 
midbrain areas take some important roles in emotional be- 
havior, the differences and specificities of their functional 
roles in emotion are not so clearly understood. Similarly, 
although quite a number of studies have reported the 
neurons in a variety of areas which respond selectively to a 
stimulus associated with aversion but not with reward [7, 21, 
29, 31], the interrelations between those brain electrical ac- 
tivities have not yet been strongly investigated. 

On the other hand, Olds and his colleagues [20] have 
analysed the latencies of the alterations of neuronal activities 
which are specifically evoked by a conditioned stimulus but 
not by a pseudo-conditioned stimulus to find out critical 
brain regions for ‘learning.’ Thus, a similar analysis of EP 
components in multiple brain areas which specifically ac- 
company defensive or aversive emotional behavior might be 
profitable to understand the information flows in the brain 
concerning emotional behavior. In the present study, EPs 
produced by conditioned stimuli in four conditions, that is, 
appetitive and aversive classical conditionings, aversive 
pseudo-conditioning and satiated state in appetitive classical 
conditioning, were compared. If an EP component specific 
to aversive conditioned stimulus is found, it might possibly 
be a neural correlate of aversive emotional behavior. In ad- 
dition, if such a specific component appears at different 
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Evoked potentials 


latencies in multiple brain regions, it might provide us more 
useful information on the brain emotional system. 

In the previous study [11] in which monopolar recording 
was used, this kind of activity was not found in the midbrain 
central gray matter (CGM) or in the reticular formation. As a 
monopolar recording of EEG predominantly picks up gross 
activities common to rather wide areas, it was switched to a 
more local bipolar method. Also, other limbic areas like the 
anterodorsal frontal cortex (FCX) and the perifornical hypo- 
thalamic area (PFH) were also studied in addition to CGM 
and occipital cortex (OCX). 


METHOD 


Twenty-seven male albino rats of Wistar-Imamichi strain 
(370-490 g), 4-8 months old, were used. Bipolar stainless 
steel electrodes, 0.2 mm in diameter, insulated except top 
cross section, 0.5—0.7 mm in tip distance, were chronically 
implanted under pentobarbital sodium anesthesia (40 mg/kg) 
in the anterior and posterior CGM, the superior colliculus 
and PFH. Screw electrodes were fixed for monopolar corti- 
cal recordings on the far frontal bone (reference electrode) 
and on the skull over the frontal and occipital cortices. Wires 
from electrodes were soldered to an IC-socket which was 
fixed to the skull with dental acrylic. 

After completion of all experiments, animals were per- 
fused transcardially with saline followed by formol saline 
under lethal dose of an anesthetic, and the brains were care- 
fully removed and stored in formalin solutions for about one 
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FIG. 1. Evoked potentials from CGM averaged through 10 to 20 trials in 4 conditions, and the 
results from the t-tests in 3 levels of critical p-value (high, middle and low bars indicate that the 
obtained f-score is significant at p<0.001, »<0.01 and p<0.05, respectively). A vertical line on 
left one-third indicates the point of CS presentation. Recorded sites (location of the longer 
electrode tip) are also presented at the right end of each case. Note the significant f-scores 
generally around the short-latency component in all the combinations of comparison. Calibra- 


week. Then immediately after 80 4m frozen brain sections 
were mounted on slide glasses, locations of the electrode tips 
were traced under a microscopic projector. Sections were 
later stained by cresyl violet and rechecked. 

A single flash from a photic stimulator (0.6 Joule, Nihon- 
kohden) located anterodorsally 10 cm distant from rat’s head 
was used as a conditioned stimulus (CS). A drop of water 
(20-40 mg) from the tube and an electric shock (0.3-0.8 mA, 
AC, 50 msec) between neck muscles and the floor were used 
as the appetitive (US+) and aversive (US—) unconditioned 
stimulus, respectively. A US was delivered 700 msec after a 
CS onset. The background brightness was 2.8 lux at the lo- 
cation of an animal’s head. 

A semi-restraining box was used to better control 
stimulus presentation. This box was made of transparent 
Plexiglas and adjustable in width and length to be slightly 
larger than animal’s body size. An oblique transparent re- 
movable plate was fixed anterodorsally inside the box to 
prevent large head movements. A metal tube from a solenoid 
water valve was located in the front wall of the restraining 
box, 3.5 cm high from the wire-mesh floor. The box was 


tion 50 uV, full range 192 msec (pre- and post-CS: 64 and 128 msec). 


placed in a sound-attenuated, shielded and air-conditioned 
room. 

After a recovery period of | week and a following water 
deprivation period of 1 day, a rat received at least 3 days’ 
training of CS-US(+) pairings or appetitive classical condi- 
tioning (APT) in the restraining box with 20 sec minimum 
intertrial-interval (ITI) until it would show constant ini- 
tiations of licking responses to the water tube during the CS 
period before US(+) presentation. A training of each day 
lasted until a rat became satiated with water (approximately 
100 trials). On the next day to the completion of the appeti- 
tive training, EEG records of at least 25 trials (minimum 
ITI=10 sec) in APT were collected after about 10 to 20 prim- 
ing trials. A rat had to keep immobile for 1.5 sec to get a CS 
presentation during final APT training and during EEG re- 
cording in all conditions. Then, a rat was allowed to drink 
water for approximately 5 min under a constant flash deliv- 
ery of every 5 sec. After this satiation (SAT), EEG records 
of at least 25 trials, during which no US(+) was available, 
were collected while a rat was quietly awake. In the next 
session, EEG records of at least 25 initial trials were also 
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FIG. 2. Data from the superior colliculus. Calibration 100 nV. 


obtained while the animal was suddenly made highly alert 
(ALT) and immobile by electric shocks of approximately 
every 12 trials including the one before the first flash of the 
session. The ITIs in both SAT and ALT were usually 10-15 
sec (10 sec minimum). Then, 50-trial trainings of CS-US(—) 
pairings or aversive classical conditioning (AVS) were given 
with an ITI of 30 sec. After this training, EEGs of at least 25 
trials were recorded with 60-sec minimum ITI. 

EEG (time constant=0.3 sec) during —64 through +127 
msec after the CS onset was recorded on each trial by an 
electroencephalograph (1A52A, San-ei Sokki) and analysed 
(sampling interval=1 msec) by an on-line microcomputer 
(MINC-11, Digital Equipment Corporation). Records con- 
taminated with body movements were discarded by the aid 
of a movement sensor of a noisy wire and a monitoring TV 
system. All visible behavioral responses like approaching to 
a water tube were initiated later than 128 msec from a CS 
onset. 

An average and a standard deviation were calculated in 
each condition from at least 10 artifact-free trials, and every 
sampling point was compared by a /-test between SAT and 
the other conditions, respectively. 


RESULTS 


Behaviorally, rats frequently initiated licking responses 
toward the tube, and the 1.5-sec immobilization immediately 
before a CS onset was a difficult task for rats in APT. On 
account of this, actual ITIs in APT were usually 2 min or 
more in spite of a minimum ITI setting of 10 sec. In SAT and 
ALT, rats were generally quiet and immobile except the 


period immediately after shock delivery in ALT. In AVS, 
most of the rats kept freezing with a little defensive back- 
archings after a CS onset in some rats. 

Figures | through 5 show the averaged EPs of different 
recording sites in each rat. Results from /-tests between SAT 
and the other conditions at each sampling point are also plot- 
ted under the EP traces. Components with latencies of 0-60 
msec, 30-90 msec and 60-120 msec are arbitrarily designated 
as short-, middle- and long-latency components, respec- 
tively. 

CGM was examined widely in a rostro-caudal and dorso- 
ventral extension. As shown in Fig. | and 2, EPs from CGM 
and the superior colliculus were very stable and similar in 
waveform. They consisted of a large short-latency component 
with a few small peaks and much less obvious late compo- 
nents. Many significant f-scores were generally obtained 
especially around the short-latency component. No sys- 
tematic alterations were found from records later than 60 
msec. 

As shown in Fig. 3, the long-latency alterations (80-120 
msec or more), significantly different from SAT, were ob- 
served mainly in AVS from PFH (subject No.: 92, 90, 83, 91, 
80, 03 and 04). But this alteration could not be observed if 
electrode tips were located in the dorsal hypothalamic area. 
Also as shown in Fig. 3, another AVS-unique component of 
middle-latency was observed from the periventricular hypo- 
thalamus, though only two cases were studied. 

Monopolarly recorded frontal cortical EPs consisted of 
short-latency small peaks and a larger middle-latency nega- 
tive component (40-60 msec, Fig. 4). The latter component 
in AVS was steadily larger than the one in other conditions, 
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FIG. 3. Data from the hypothalamic recordings. Note the AVS-specific long-latency alteration in PFH. Calibration 25 nV. 


which showed no difference between each other generally in 
all the rats. Some data were obtained from just a little 
anterior to the frontal pole. 

From the occipital cortex (Fig. 5), no AVS-specific alter- 
ation was observed except the development of the late posi- 
tive component in AVS, APT and ALT conditions (subject 
No.: 90, 91, 92, 93, 94, 95). 

The latencies of the AVS-unique alterations can be more 
clearly compared in some subjects from which FCX and 
PFH (subject No.: 03 and 04) were simultaneously recorded. 
They were approximately 40-60 msec in FCX and 80-120 
msec in PFH. 


DISCUSSION 


Present results are summarized as follows: (1) A long 
(80-120 msec) and a middle (40-60 msec) latency alteration 
in EPs unique to aversive conditioning were respectively 
observed in the perifornical hypothalamic area and the fron- 
tal cortex. (2) No AVS-specific component was obtained 
from the midbrain central gray, the superior colliculus or the 
occipital cortex. 

Although it is obvious from a number of reports [1, 4, 17, 
23] that CGM plays some roles in aversive emotional behav- 
ior, no aversive-CS-specific component has been observed 
in the previous [11] and present studies, in which monopolar 
and bipolar recordings were respectively used. As these ex- 
periments used conditioning technique; CGM neurons might 


respond only to naturally or innately fearful stimuli but not 
to conditioned ones. Another possibility might be in the fol- 
lowing fact. In the previous [11] and present experiments, a 
rat’s behavioral response to a CS in AVS was almost always 
immobility, sometimes with a very little arching of the back 
and quite a strong respiratory change, but not obvious vo- 
calizations or flight responses which require integrated activi- 
ties of some particular striate muscles in the body. Thus, 
CGM might participate only in integration of striate muscle 
activity for explicit defensive motor behavior. Combined le- 
sion and stimulation studies have indicated that CGM is lo- 
cated closest to the final common-path in stimulation- 
induced affective defense behavior [6,13]. The affective- 
defense-specific units reported by Adams [1] seem to be ob- 
tained during explicit defensive motor behavior not during an 
immobility or freezing reaction. In the previous report [11], 
only a very few units uniquely responsive to an aversive CS 
were found in CGM, though the number of recorded units 
was not enough. When used as a US, CGM stimulation 
produces escape responses but hardly supports avoidance 
responses compared with a natural noxious stimulus [10]. If 
CGM is involved only in motor functions in emotional behav- 
ior, CGM-induced escape responses might be caused by 
aversion to involuntary and unusually-intense peripheral 
motor activities produced by stimulation. CGM stimulation 
might not cause primarily aversive processes resulting in 
poor active avoidance performance. Ikegami and Kawamura 
[9] have pointed out that feedbacks from the peripherals are 
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FIG. 4. Data from the frontal cortex. Note the middle-latency AVS-unique com- 
ponent. Time constant of subject No. 09 is 1.5 sec. Calibration 25 pV. 


necessary for brain stimulation to cause aversive effect. All 
these facts seem to support the notion of CGM’s motor- 
related peripheral functions in emotional behavior but not in 
processes corresponding to emotional experience. 

In general, short-latency component from the colliculus 
and dorsal CGM were relatively constant and of similar form 
in any conditions, suggesting no relevance of this component 
to either arousal, learning or emotional processes. 

Obtained significant f-scores around the short-latency 
component in CGM and the superior colliculus, most of them 
are caused by slight peak latency shifts of generally large and 
constant EPs in these areas, could be explained by increased 
general alertness because of its nonspecific way of appear- 
ance in ALT, APT and AVS. 

APT-unique late changes (>90 msec) were observed in 4 
of 10 sites in the superior colliculus, mainly from the deep 
layer. As these layers partly share similar characteristics 
with the reticular formation [5] where a body-movement- 
related negative potential has been observed in the previous 
report [11], this APT-unique aheration may be concerned 
with an approaching response to the water tube. 

From the perifornical hypothalamus, a long-latency al- 
teration unique to AVS was observed both medially and lat- 
erally around the fornix. This change may not be due to 
elevated general arousal on account of its lack of appearance 
in APT and ALT. Also this alteration may not be explained 
by an anticipatory or nonspecific recognitional process 
which is expected to operate both in APT and AVS. Stimu- 


lation of the perifornical hypothalamic area elicits affective 
defense behavior and a cardiovascular response similar to 
the one seen in a conditioned emotional response [27]. Le- 
sions of this area have been reported to abolish this car- 
diovascular response unique to a conditioned emotional re- 
sponse leaving behavioral conditioned suppression un- 
changed [26]. The perifornical hypothalamic area is inter- 
connected with the areas which are known to directly control 
cardiovascular activity such as the nucleus of the solitary 
tract, the parabrachial nuclei and other limbic areas, and also 
send efferent fibers directly to the intermediolateral column 
of the spinal cord [27]. From its rather long latency, the 
current AVS-unique alteration in this area might reflect the 
neuronal activities involved in a emotional cardiovascular 
response. 

Destruction of the frontal cortex, especially orbital and 
anterior cingulate areas, produces alteration in emotionality 
{3,16], and stimulation of orbital and medial frontal cortex 
elicits predominantly parasympathetic autonomic responses 
[14] and emotional vocalizations [12] in monkeys. The cur- 
rent result of the middle-latency AVS-specific change 
suggests that the frontal emotional mechanism might start 
working earlier than the one in PFH in response to aversive 
stimulus. 

Rebert and Irwin [21] have reported positive slow poten- 
tial changes induced by both appetitive and aversive CSs 
from the lateral hypothalamus of cats. Rolls and colleagues 
[22] have found quite a number of food units which decrease 
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FIG. 5. Data from the occipital cortex. Calibration 50 nV. 


firing in response to a sight of an edible object and also have 
found some units which selectively fire to a sight of an aver- 
sive object with a rather long latency (150-200 msec) in the 
monkey lateral hypothalamus. As a decrease of firing of 
units has been reported to correlate with a positive-going 
slow potential [24], the findings of the food-units [22] and the 
positive slow potential [21] in the lateral hypothalamus 
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seems to be compatible with each other in respect to the 
changes induced by appetitive stimuli. On the other hand, it 
is also reported that the medial prefrontal cortex exerts 
monosynaptic inhibitory as well as polysynaptic excitato- 
inhibitory influences upon the lateral hypothalamic neurons 
[15]. Thus, the response of the food neurons in the lateral 
hypothalamus might be partly modulated through these 
monosynaptic inhibitory fibers from the medial prefrontal 
cortex, whereas the response of excitatory aversion units in 
the lateral hypothalamus and the current AVS-specific com- 
ponent in PFH might be partly a result of modulations 
through these polysynaptic excitato-inhibitory fibers. The 
rather long latencies of the present AVS-specific EP altera- 
tions in PFH and the aversion units in the lateral hypothala- 
mus might be due to this polysynaptic connections. Skinner 
and Molnar [25] have reported a negative slow potential from 
the frontal cortex in response to an appetitive and an aver- 
sive unconditioned stimuli with much faster and larger de- 
velopment to an aversive stimulus. 

It is reported that PFH lesions abolish a cardiovascular 
conditioned emotional response (CER) without affecting be- 
havioral conditioned suppression of bar-press [26] in re- 
sponse to an aversive warning signal, while the lesions of the 
mediodorsal thalamic nucleus produce an opposite effect in 
monkeys [19]. If real fear experience is indispensable to a 
behavioral but not to an autonomic CER, these reports might 
imply that experience processes do not occur in the perifor- 
nical hypothalamic area but possibly in more rostral areas 
like the frontal cortex with which the mediodorsal thalamic 
nucleus has strong connections. Also as experience or cog- 
nitive processes of fear seem to precede, at least partly, 
behavioral and autonomic emotional responses, the present 
result of the frontal earliest AVS-specific change suggest that 
the frontal cortex might be one of the structures initially 
involved in emotional experience. 

On the other hand, these frontal alterations were fre- 
quently found from just a little anterior to the frontal pole, 
that is a posterior part of the olfactory bulb. Because lesions 
of the olfactory bulb, but not peripheral anosmia, cause 
changes in emotional behavior [28], and because the olfac- 
tory bulb is interconnected with the frontal cortex through 
the pyriform cortex, the amygdala and the mediodorsal nu- 
cleus of the thalamus [16,18], the olfactory bulb might be a 
source of this frontal change unique to AVS. 
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JOHNSON, R. D., R. L. KITCHELL AND H. GILANPOUR. Rapidly and slowly adapting mechanoreceptors in the 
glans penis of the cat. PHYSIOL BEHAV 37(1) 69-78, 1986.—Sixty-one single mechanoreceptive fibers were surgically 
isolated from the dorsal nerve of the penis in anesthetized, mature, and sexually intact male cats. Impulse activity was 
recorded extracellularly. Receptive fields on the glans penis were stimulated with an accurate computer controlled 
mechanostimulator. Thirty-four units were categorized as rapidly adapting (RA) based on the absence of a response to 
sustained skin displacement. The remaining were slowly adapting (SA) units responding to sustained displacement. Most of 
the SA units were located in the distal smooth glans whereas RA units predominated in the proximal spiny glans. 
Displacement thresholds were significantly lower for RA units. All units encoded indentation velocity although the SA 
units were better suited to discriminate slowly moving stimuli. In addition, SA units encoded sustained displacement 
amplitude. Male cats with a denervated glans penis display disoriented mounting behavior disabling intromission. The 
presence of distally located SA mechanoreceptors suggests they may be the primary penile proprioceptors, mediating, 
along with the RA mechanoreceptors, successful completion of intromission. 


Mechanoreceptors Glans penis 


Single unit recording 


Neural coding Cat 





NORMAL mating behavior in the male is dependent on an 
intact sensory component from the glans penis. Tactile in- 
formation mediated by penile mechanoreceptors provides an 
afferent limb to the spinal sexual reflexes. In several species, 
interruption of this input by local anesthesia of the glans 
penis [1, 2, 11] or transection of the dorsal nerve of the penis 
[5, 6, 22, 38] causes abnormal and in some cases infrequent 
mating behavior. The major deficit from penile desensitiza- 
tion in the cat is a lack of proper orientation of the penis 
during mounting causing intromission failure [5]. There has 
been only one previous investigation of penile mechanore- 
ceptor physiology in the intact cat based on single fiber re- 
cording [14]. In that study, only a population of rapidly 
adapting receptors non-responsive to sustained mechanical 
stimulation was reported. However, all other skin regions in 
the cat have been shown to contain a second major class of 
receptor, the slowly adapting mechanoreceptor, responsive 
to slow and sustained skin deformation. In humans these 
receptors give rise to the sensations of touch and skin posi- 
tion [30, 31, 40]. In addition to the presence of slowly adapt- 
ing receptors in the cat’s limbs [3, 12, 19, 25, 28, 50], face 
[18], and tongue [7], their existence has recently been shown 
in the glans penis of the ram [17], rat [34], and dog (Johnson 
and Kitchell, in preparation). 

The present study was undertaken with two broad goals: 
(1) to determine if slowly adapting mechanoreceptors could 
be distinguished physiologically from rapidly adapting 
mechanoreceptors in the glans penis of the cat using elec- 





trophysiological techniques, penile stabilization, and com- 
puter controlled mechanical stimulation, and (2) to describe 
the response characteristics of feline penile mechanorecep- 
tors and compare them with the mechanoreceptors found in 
the penis and various somatic regions of other species. Pre- 
liminary data has been published elsewhere [32]. 


METHOD 
Surgical Preparation 


Fourteen mature and sexually intact male cats were 
anesthetized intravenously with sodium pentobarbital 
(Nembutal 30 mg/kg). The animals were maintained at a deep 
surgical anesthetic leve! until the termination of the experi- 
ment when they were euthanatized wiih an anesthetic over- 
dose. The respiratory pattern, heart rate, blood pressure, 
and body temperature were monitored continuously with 
appropriate instrumentation. The left dorsal nerve of the 
penis was isolated either in the ischiorectal fossa, near its 
origin from the pudendal nerve, or in the subcutaneous tissue 
cranial to the penis on the ventral surface of the animal. 
Regardless of the site of nerve isolation, a pool containing 
warm mineral oil was formed and fine strands of nerve were 
dissected free on a black glass or rubber plate with the aid of 
a binocular microscope. The prepuce was reflected cranially 
and the penis directed caudally to be anchored on its right 
lateral surface to a water-filled Plexiglas chamber mounted 
to the surgical table. Adhesion of the penis to the flat exter- 


‘Present address: Department of Animal Biology, School of Veterinary Medicine, Shiraz University, Shiraz, Iran. 





70 


nal surface of the chamber was accomplished with a plaster 
mold or a drop of cyanoacrylate glue. Water at approx- 
imately 40°C was pumped through the chamber to maintain 
the glans surface temperature between 31°-35°C as measured 
with a surface thermistor. 


Electrical Recording 


Fine strands of the dorsal nerve of the penis were severed 
proximally and placed across a pair of chlorided silver or 
platinum-iridium wire electrodes. The neural activity was 
amplified, led to a storage oscilloscope for visual observa- 
tion, and an audiomonitor for auditory observation. Gently 
stroking the glans surface with a tapered glass rod revealed 
the receptive field locations of viable mechanoreceptive fi- 
bers contained within each strand of an estimated 3 to 10 
myelinated axons. Microdissection (magnification; 30x) of 
each multifiber strand was continued until only one func- 
tional mechanoreceptive fiber remained. If the action poten- 
tial (spike) amplitude of this fiber was at least four times the 
amplitude of the background neural activity and amplifier 
noise (baseline), then the signal was led to a window dis- 
criminator for spike discrimination. The spikes were trans- 
lated at the discriminator into TTL compatible pulses and 
recorded digitally as poststimulus time events in the memory 
banks of an LSI-11/2 microcomputer system. When appro- 
priate, the impulse train, mechanotransducer output from 
the mechanostimulator, and other data were stored in a 
floppy disk data file. The small nerve strand preparations 
were quite labile partly due to the small diameter of the 
afferent axons. Since the full battery of stimulation presen- 
tations for a single unit (mechanoreceptive fiber) could take 
over two hours to perform, not all units were completely 
tested. 


Mechanical Stimulation 


Mechanical stimulation of the receptive field was per- 
formed with a Chubbuck mechanostimulator [13] consisting 
of a Plexiglas probe 1.5 mm in tip diameter attached to a 
moving coil transducer. Coupled with an accurate feedback 
control system and driven by computer constructed trape- 
zoidal wave forms, the mechanostimulator maintained a 
given displacement command with an accuracy of +1.0 wm. 
All stimulations were given in the displacement feedback 
mode. The force of stimulation, computed by the feedback 
amplifier, ranged from 0.004 to 40 g+10 mg. Stimulus pa- 
rameters consisting of displacement amplitude (1 to 2000 
pm), displacement velocity (0.1 to 80.0 um/msec), time of 
indentation or plateau (1 msec to 240 sec), and interstimulus 
interval (10 msec to 20 sec) were independently controllable 
via the computer terminal. 


Receptive Field Size 


The size of the receptive field for each unit was estimated 
by applying a stiff von Frey monofilament (calibrated bend- 
ing force of 1.8 g) to the penile skin surface and determining 
the presence or absence of an impulse discharge. The von 
Frey hair was applied around the margins of various sized 
holes drilled through a thin plastic plate until the largest di- 
ameter hole still resulting in a response at the perimeter was 
found. 


Displacement and Force Parameters 


The stimulator probe was positioned over the most sensi- 
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tive and consistent spot in the receptive field and lowered 
until slight contact with the skin was detected (1-10 mg reac- 
tion force against the probe). The minimum probe displace- 
ment and the resulting force necessary for the generation of 
one impulse was measured using a stimulus of constant ve- 
locity (40 4m/msec) and interstimulus interval (5 sec). Three 
slowly adapting units were given suprathreshold sustained 
stimulations of 3 second duration at 100 wm increments to 
determine if a coding function existed for displacement am- 
plitude (i.e., to see whether penile slowly adapting units 
were competent static skin position detectors). The mean 
number of impulses (over two trials) during the response was 
calculated at each displacement increment. 


Velocity and Vibration Parameters 


Increasing the displacement amplitude from threshold, 
while maintaining a constant velocity (40 smm/msec), 
produced a second impulse in the response pattern (termed 
the displacement threshold for the second spike). The dis- 
placement amplitude was fixed at this level and the velocity 
progressively decreased in an attempt to find a velocity 
threshold below which no impulse could be generated. The 
stimulus parameters for velocity threshold determination 
were the same as those incorporated previously [34]. For six 
units, the coding function for velocity was determined by (1) 
increasing the displacement to a level which gave the 
maximum number of dynamic impulses, (2) fixing the dis- 
placement at this level, and (3) executing a regimen of three 
repetitive stimulations spaced 20 seconds apart at each of the 
following velocities: 80, 40, 20, 10, 5, 2, 1, 0.5, 0.2 uwm/msec. 
The mean frequency of firing (mean reciprocal interspike 
interval) was calculated at each velocity during the dynamic 
response paralleling the rising phase of the mechanical ramp. 
To assess the response to vibratory stimuli, the receptive 
fields of ten rapidly adapting units were stimulated with 
standard tuning forks. The maximum frequency each recep- 
tor followed with a 1:1 spike-stimulation cycle response for 
ten consecutive cycles was determined. 


Sustained Stimulation 


For sixteen slowly adapting units the displacement ampli- 
tude generating the maximum number of impulses was ap- 
proximated. This maximal intensity was often as much as 
2000 um and 30 g and sometimes necessitated a preindenta- 
tion of 100-500 um. A series of sustained deformations 
(plateau of 15 sec to 240 sec) at this intensity was given to 
elucidate the general pattern of firing and the adaptation 
characteristics during the static response (defined as the re- 
sponse occurring during the plateau period of mechanical 
stimulation). 


Conduction Velocity 


Receptive fields were electrically stimulated with bipolar 
electrodes. The square wave stimulation pulse from a Grass 
S88 stimulator was set at a duration of 0.5 msec and an 
intensity of approximately 1.5 threshold (usually about 8 
volts). The conduction velocity of each afferent fiber was 
determined by measuring the latent period and the conduc- 
tion distance to the recording site. 


Statistical Analysis 


The non-parametric Mann-Whitney U test was used to 
ascertain the statistical significance of differences between 
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TABLE 1 
COMPARISON OF VARIOUS PARAMETERS FOR RAPIDLY ADAPTING (RA) AND SLOWLY ADAPTING (SA) UNITS 





RA units Significance 
between 
RA and SA* 


SA units 


Parameter + SD? Range Mean + SD Range 





Receptive field size, mm? u 2.99 
Conduction velocity, m/sec ; 8.40 
Displacement threshold 
Ist spike, wm -7 + 105.3 
2nd spike, um .2 + 205.7 
Force threshold 
Ist spike, mg 308.7 
2nd spike, mg 1045.7 + 1118.2 


2.3-12.6 NS 6.57 + 2.85 
7.0-42.4 NS 18.69 + 11.45 


3.1-12.6 
5.4-50.0 


11-390 S 2! 178.2 + 182.8 
84-784 S Zz 444.7 + 281.1 


11-681 
87-1200 


13-1180 NS 507.3 + 627.2 16-2080 


280-5200 NS 


1401.6 + 1320.6 150-5000 





*NS—not significant (p >0.05), S—significant (p<0.05) based on Mann-Whitney U test. 


+SD—standard deviation. 


groups. The level of alpha was preselected at 0.05. Correla- 
tions were obtained with the Spearman rank and Pearson 
product-moment correlation coefficients. Of primary interest 
in the analysis of the adaptation characteristics of slowly 
adapting units was the portion of the static response display- 
ing a relatively steady mean frequency termed the stationary 
period. An interspike interval analysis of this period has 
been used historically as one of the standards of determining 
subgroups of slowly adapting mechanoreceptors [12]. Ac- 
cording to this standard, if the coefficient of interval varia- 
bility (standard deviation divided by the mean) during this 
period is at or below 0.30, the discharge is considered regular 
and if above 0.50 it is considered irregular. 

The mathematical functions best describing velocity and 
displacement amplitude coding data were determined with 
linear regression analysis of stimulus-response curves. The 
five functions tested were those used by others [33, 35, 36, 
45]: 





Linear 
Power 
Logarithmic 
Exponential 
Log tanh 


R=a+ Db 

R=aS> 

R=a+blogS 

R = ae"s 

R = 1/2 + 1/2 tanh (a + b log S) 


m 


In the above equations, R represents the neural response, S 
is the stimulus intensity, a and b are coefficients determined 
by the regression process, and R,, is the asymptotic 
maximum response empirically chosen from the data curve 
as described by Knibest6l [35]. The ‘best-fitting’ function 
had the highest correlation coefficient. 


RESULTS 
General Characteristics of Receptors 


Sixty-one single mechanoreceptive fibers (units) that in- 
nervated receptive fields on the surface of the glans penis 
were isolated from the dorsal nerve of the penis. None of the 
receptors displayed a resting discharge in the absence of an 
intentional mechanical stimulus. Upon stimulation with a 
maximal displacement for 15 seconds, thirty-four units were 
categorized as rapidly adapting (RA) units based on the ab- 
sence of impulse discharge during the static period. The re- 
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FIG. 1. Location of receptive fields on the surface of the glans penis. 
The longitudinal axis is divided into six percentile regions and the 
number of RA or SA receptive fields within each region is indicated 
by the adjoining histograms. UP—urethral process, SG—spiny 
glans, NSG—non-spiny glans, [P—inner prepuce (reflected). 


maining twenty-seven were categorized as slowly adapting 
(SA) units exhibiting a response that slowly adapted to sus- 
tained constant displacement. Under this type of stimulation 
most SA units continued to generate impulses up to four 
minutes after the onset of the plateau period. 

The receptive fields of RA and SA units were distributed 
over the entire surface of the penis (Fig. 1) although there 
were relatively fewer of both types in the central one-third. 
The SA units were concentrated in the distal non-spiny glans 
(or near the urethral process) whereas RA units predomi- 
nated in the proximal spiny glans region. By assigning each 
receptive field to a percentiled region (Fig. 1) SA units were 
found to be located significantly more distally than RA units 
(p<0.01). There was no significant difference, however, in 
receptive field size (Table 1). None of the receptors were 
associated with a distinctive epidermal feature. The recep- 
tive field of each unit was a single, round or slightly ovoid 
region containing a central zone more sensitive than the sur- 
rounding parts of the field. Those units in the spiny glans 
could be activated by a slight deflection of an overlying 
penile spine but this was not more effective than deflecting 
an adjacent spine or the interspinous skin. Conduction ve- 
locity measurements indicate that feline penile mechanore- 
ceptors were innervated by one population of primary affer- 
ent fibers (Fig. 2, Table 1). 
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FIG. 2. Distribution of conduction velocities for 23 RA units (A) and 
21 SA units (B). 


Responses to Changes in Displacement Amplitude 


Displacement thresholds for both the first and second im- 
pulse in the dynamic response pattern were significantly 
lower for RA units compared with SA units (Table 1). Force 
thresholds were not significantly different although a similar 
trend existed. At least some of the feline penile SA units are 
capable of encoding sustained displacement amplitude. As 
shown in Fig. 3, all three SA units tested demonstrated a 
quantifiable relationship between neural response and dis- 
placement, although the function best describing the data 
was of a different type in each case (logarithmic, log tanh, or 
power). Shallow sustained displacements, however, did not 
give rise to a significant static response. A static response 
beyond one second (post stimulus time) was never observed 
at displacements less than 500 um (or 1000 mg force) for any 
of the 27 SA units (see Fig. 3B). 


Responses to Changes in Velocity and Vibratory Frequency 


Approximately two-thirds of the SA units and some of the 
RA units had no measurable velocity threshold (i.e., below 
the stimulator minimum velocity of 0.1 4m/msec). The mean 
threshold of those units having a measurable value was low 
(less than 1.0 ~m/msec for both types) and not statistically 
different. Velocity coding functions revealed that SA units 
compared with RA units responded differently to rapid and 
slow skin deformation. As shown by the velocity range in 
Fig. 4, RA and SA units were able to encode rapid and mod- 
erately slow-moving stimuli. However, the RA units did not 
respond well to very slow stimuli (velocities below 0.5 
yzmn/msec) and demonstrated an inconsistent and highly vari- 
able firing pattern. Consequently, the RA data at a velocity 
of 0.2 4m/msec was not used in the regression process. The 
SA units, in contrast, demonstrated a very consistent re- 
sponse pattern to very low indentation rates. The individual 
velocity coding functions for six units are plotted in Fig. 4. 
The velocity code of each of the SA units was best described 
by the power function. In contrast, all of the RA responses 
were fit best by the hyperbolic log tangent function, although 
the power function was only slightly less suitable in three 
instances (differences not statistically significant). 

The low displacement threshold of many RA units en- 
abled their stimulation with a full set of tuning forks (capable 
of low displacement only) to assess the response to rapid 


JOHNSON, KITCHELL AND GILANPOUR 


log tanh 
Q = -18.7 
b = 5.94 
Rm= 80 
.998 


MEAN NUMBER OF IMPULSES PER RESPONSE 








' 7 % 
2000 

















200 pm 
500 ms 


FIG. 3. (A) Stimulus-response relationships of three SA units to 
repeated sustained mechanical stimulation of three second duration. 
Each data point represents the neural response, in mean number of 
impulses over two trials, versus stimulation displacement amplitude 
applied at set increments. Best-fitting regression curves are plotted 
over the data points. The regression coefficients and corresponding 
correlation coefficient r, is listed near each curve. (B) Dot raster 
oscilloscopic display of the response of SA unit 51007 (some of the 
data contributing to the starred curve in (A) to displacements of 200, 
400, 600, 800 and 1000 um (from bottom to top trace). Only the first 
portion of the response is shown. Each dot represents the occur- 
rence of one neural impulse. Upper section displays the mechano- 
transducer output. Note the absence of a static response at low 
displacement amplitude and the gradual increase in response as the 
amplitude is incremented. 


vibratory skin deformation. Frequency-following maximums 
in 10 units had a mean value of 390.5+ 150.7 Hz, over a range 
of 125 to 700 Hz. This parameter was significantly correlated 
with conduction velocity (r=.855, p<0.01). 


Adaptation Responses to Sustained Displacement 


Sixteen SA units were given sustained displacements and 
their adaptation characteristics were described and quanti- 
tated. None of these units adapted to silence within 40 sec- 
onds after stimulation. Typically, the total response profile 
to a sustained maximal displacement began with a high fre- 
quency burst of impulses (dynamic response) which steadily 
decreased in frequency (adapting response) to a static level 
of activity (static or adapted response). The static response 
ended either at the termination of the stimulus or adapted to 
silence before stimulus termination. 
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FIG. 4. Stimulus-response (coding) relationships of six penile mechanoreceptive 
fibers to changing velocity. Each point plotted on log-log coordinates represents 
the mean firing frequency during the dynamic response with each unit having 
received 3 identical stimulations at each velocity (displacement remained con- 
stant). Best-fitting regression curves are plotted over the data points. The regres- 
sion coefficients and corresponding correlation coefficient, r, is listed near each 
curve. (A,B,C,D) RA units fitted with the log tanh function. (E,F) SA units fitted 


with the power function. 


Two populations of SA units were discernible. Seven 
units were classified as regular units based on the regular 
rate of discharge during the stationary period of the static 
response. The remaining nine units were classified as 
irregular-intermittent units based on their irregular and in- 
termittent rate of firing. During the stationary period, some 
of the SA units had an interspike interval coefficient of vari- 
ation between 0.30 and 0.50. These units, however, were put 
into the irregular-intermittent group because they displayed 
an intermittent discharge pattern (see below). The neural 
response of a representative unit from each group to a sus- 
tained 15 second displacement is shown in Fig. 5. Utilizing 
equal scaling in these plots, several differences were noted. 
Compared to the regular unit (Fig. 5A, B), the irregular- 
intermittent unit (Fig. SC, D) exhibited (1) a dynamic burst of 


higher frequency, (2) an adapting response of shorter dura- 
tion, and (3) a static response featuring interval irregularity, 
lower mean interval, and an intermittent discharge pattern. 
These were characteristic differences between the two types 
of SA units. Reviewing other receptor data revealed addi- 
tional distinctions. Table 2 documents the statistically signif- 
icant differences (p><0.05) between regular and irregular- 
intermittent SA units based on adaptation characteristics and 
other numerical data. Irregular-intermittent units had larger 
receptive fields, faster conduction velocities, and lower dis- 
placement thresholds than did regular SA units. Further- 
more, irregular-intermittent units adapted to a static firing 
level in one-tenth the time of regular units (lower adapting 
response duration) and their interspike interval profile was 
significantly more variable. 
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FIG. 5. Typical response pattern of a regular and irregular-intermittent SA unit to a sustained 15 second 
maximal displacement. (A) Instantaneous frequency plot (reciprocal of successive interspike intervals) of 
the first 210 impulses of regular SA unit 70508. (B) Interspike intervals within stationary period S are 
distributed in 1-msec bins. N—number of intervals, M—mean, SD—standard deviation, CV—coefficient 
of variation. (C,D) Response of irregular-intermittent SA unit 70501. Same format as in A and B. Note 
equal scaling for comparison purposes. The intermittent discharge pattern of unit 70501 is more clearly 


seen in Fig. 6. 


TABLE 2 


PARAMETERS OF REGULAR AND IRREGULAR-INTERMITTENT SA UNITS HAVING STATISTICALLY 
SIGNIFICANT DIFFERENCES* 





Regular SA units 


Parameter Mean + SD7 


Irregular-Intermittent SA units 


Range Mean + SD Range 





4.84 + 1.91 
11.20 + 3.97 
367.0 + 


Receptive field size, mm? 
Conduction velocity, m/sec 
Displacement threshold 
ist spike, wm 
Adapting response duration 
(msec) 
Coefficient of Variation 
(stationary period) 


5371.4 


0.170 


3.1-8.1 7.63 + 2.57 
5.1-15.1 27.40 + 12.40 
188-681 112.2 + 98.5 


3.1-10.2 
16.0-50.4 
20-317 


2500-8000 372.2 + 221.0 50-700 


0.11-0.24 0.603 + 0.344 0.30—1.22 





*p<0.05, Mann-Whitney U test. 
+SD—standard deviation. 


An interesting trait of irregular-intermittent SA units was 
found by scrutinizing the static discharge pattern. During the 
experimental recording sessions it was noted that the dis- 
charge heard through the audiomonitor had a bursting or 
intermittent character not associated with respiratory or 
vascular (pulse) movements. A typical interspike interval 
analysis is shown in Fig. 6A. The periodicity of peaks at 
multiples of approximately 50 msec suggested an impulse 
train with gaps or missing spikes. Figure 6B shows from this 
record a two second epoch of impulses in their temporal 
sequence. The gaps in the response appear to be caused by 


the omission of one or more spikes from a regular rhythmic 
pattern. Following a gap, the next impulse occurs very near 
its proper temporal position. 


DISCUSSION 


The results of this study confirm the hypothesis that 
slowly adapting mechanoreceptors are physiologically dis- 
tinguishable from rapidly adapting mechanoreceptors in the 
glans penis of the cat. This finding disagrees, however, with 
a previous study in the cat by Cooper [14] who found only 
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FIG. 6. Interspike interval analysis of irregular-intermittent SA unit 
70501 demonstrating the intermittent static response to a 60 second 
maximal displacement. (A) Distribution of intervals within a 38.6 
second long stationary period. Note the peaks of intervals at multi- 
ples of approximately 50 msec. (B) Two second sequence of im- 
pulses from the stationary period showing temporal spacing. Each 
vertical bar represents the occurrence of one spike. Dotted time 
marks are spaced at increments of 48 msec (the mean interval of the 
largest peak in A). Note how a rhythmic impulse pattern is inter- 
rupted with gaps (V) or extra spikes (W) resulting in an intermittent 
profile. 


rapidly adapting penile mechanoreceptors. Several differ- 
ences in the methodology probably account for the different 
results. In Cooper’s study [14], the maximum force of stimu- 
lation, using von Frey hairs, was 412 mg which we found to 
be insufficient in eliciting a sustained static response from 
SA units. At stimulation intensities at or below this level, our 
SA units rapidly adapted to a sustained displacement and 
would have appeared to be RA in type if stronger stimulation 
had not been given (see Fig. 3B). The rapid adaptation of 
glabrous skin SA mechanoreceptors at low displacement 
amplitudes has been described by other workers [19, 36, 46]. 
We believe three additional methodological differences are 
responsible for our report of two basic types of receptors. 
First, our preparation included a rigid mechanical stabiliza- 
tion of the penis that prevented lateral sliding or rolling of the 
penis during stimulation. Secondly, the exposed penile sur- 
face was maintained at a warmer temperature. Thirdly, we 
employed a wide range of computer controlled mechanical 
stimulations that generated reproducible and readily quanti- 
fiable neural responses. These governing procedures previ- 
ously proved to be necessary in exposing RA and SA units in 
the penis of the ram [17] and the rat [34]. In initial ram 
experiments when the penis was not mechanically stable and 
the skin surface was at room temperature, all receptors iso- 
lated were classified as rapidly adapting in type. Subsequent 
to stabilization, the majority of units were slowly adapting 
[17]. Our previous study in the rat [34] reported the existence 
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of SA units which were undetected in an earlier investigation 
by Calaresu and Mitchell [10]. 

In our sample, RA and SA units were present in approx- 
imately equal numbers as was the case in the penis of the rat 
[34]. The ram penis [17] contained a significantly greater 
number of SA units based on a chi-square test. Feline penile 
mechanoreceptors as a group are less sensitive to slight skin 
displacement compared to those in the footpad where the 
mean displacement threshold is less than 30 um [27]. The 
higher displacement threshold of SA units compared to RA 
units in the present study resembled the data from the rat 
[34], although the mean threshold values of both RA and SA 
units were lower in the cat. In the ram [17], the mean dis- 
placement threshold for SA units was much less than in the 
cat. A correlation with penile force threshold data from all 
three species suggests that mechanical threshold is depend- 
ent on the firmness of the tissue in which the receptor is 
embedded in accordance with other investigations [29,44]. 
The firm fibroelastic penis of the ram results in low 
thresholds, the less firm cat penis results in moderate 
thresholds, and the relative spongy nature of the rat penis 
yields high thresholds. 

In the present study, feline penile mechanoreceptors had 
larger receptive fields than those described by Cooper [14]. 
This discrepancy was undoubtedly due to his use of a weaker 
von Frey monofilament (412 mg). Based on absolute recep- 
tive field size, our feline fields were larger than those in the 
rat [34] and smaller than those in the ram [17]. According to 
Cooper [14], no physiological differences could be detected 
between receptors located in the spiny versus the non-spiny 
glans whereas our results show a distinct polarization of RA 
and SA units. As discussed previously, this discordance may 
be due to his inability to demonstrate SA receptors. 

Both SA and RA units were sensitive to moving stimuli. 
Critical velocity threshold proved not to be a useful param- 
eter. In contrast to the rat [34], some of the feline penile RA 
units and most of the SA units had unmeasurable thresholds. 
This may have been due to the difference in resiliency of the 
penile skin. We have observed in our laboratory that velocity 
thresholds are not constant throughout the displacement 
range. As the displacement (or force) is increased, the ve- 
locity threshold decreases. Pubols [44] concluded that a 
given skin displacement produces greater stimulus force in 
firm skin compared with flaccid skin. In accordance with this 
idea, we suggest that the lower and often unmeasurable ve- 
locity thresholds in the cat penis, compared with the rat 
penis, may have been due in part to a larger stimulus force 
resulting from the firmer feline penile tissue. 

A better insight into the velocity response was obtained 
through the determination of velocity coding relationships. 
The RA group appeared to preferentially encode the medium 
to high velocity range, whereas the SA units were capable of 
encoding the entire velocity spectrum particularly at the 
lower end. Regression analysis of the stimulus-response 
curves revealed a possible difference in the way RA and SA 
units encode indentation velocity, although the issue is far 
from clear. Moreover, our small sample size inhibits making 
definitive statements. The stimulus-response relationship of 
RA units was best described by the log tanh function but in 
only one unit was it significantly better than the power func- 
tion. Only the power function, however, provided a good fit 
to SA velocity coding curves. The validity of the log tanh 
function (incorporating the saturation frequency variable, 
R,,) only to RA units is undoubtedly due to high response 
frequencies in the intermediate velocity range which accen- 
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tuate the effect of the frequency saturation at higher veloci- 
ties (flattening of the curve). Other studies present conflict- 
ing results concerning the most appropriate coding function 
for glabrous RA mechanoreceptors. Knibest6l [35] reports 
the appropriateness of the log tanh function in the human 
hand, whereas Pubols and Pubols in the squirrel monkey 
[45], and Iggo in the cat [27], propose the power function. 
Methodological, morphological and species differences may 
account for the dissimilar results. Our report of the power 
coding function for velocity detection in penile SA units 
agrees with a study on toepad SA mechanoreceptors [45]. 

Responses to sustained displacement indicate penile SA 
units in the cat have the ability to provide accurate informa- 
tion on the static position of the skin. The mechanoreceptive 
stimulus-response function for encoding displacement ampli- 
tude has been described previously as being a power [33,51], 
linear [51], logarithmic [33,36], exponential [33], or log tanh 
[12,36] relationship. It is evident from the three dissimilar 
curves in the present study (Fig. 3) that (1) there may be a 
mixture of coding functions in the penile SA population, and 
(2) each receptor might encode displacement changes within 
a given range. In addition, their adaptation characteristics 
suggest the existence of two SA receptor subgroups, regular 
and irregular-intermittent. No subclassification could be 
made in the rat [34] or the ram [17] beyond an arbitrary 
separation based solely on stationary period interval varia- 
bility which has been viewed by others [19,45] as an inap- 
propriate solitary criterion. The situation in the cat, how- 
ever, is different because of additional dissimilarities be- 
tween the SA subgroups. Besides stationary interval varia- 
bility, significant differences between the two subgroups in- 
clude receptive field size, conduction velocity, and dis- 
placement threshold. Additional supporting evidence for the 
possibility of different morphological sense organs comes 
from the intermittent discharge pattern characteristic of the 
irregular-intermittent units. According to Horch et al. [24] in 
their study of the irregular discharge of hairy skin SA I 
mechanoreceptors, an intermittent pattern would most likely 
arise from a series of multiple receptor sites converging onto 
one parent axon. Each receptor site would generate impulses 
as an independent ‘‘regular oscillator’’ with antidromically 
conducted impulses creating an ‘‘omission”’ effect at branch 
points. Although this scenario, they conclude, does not ex- 
plain the SA I irregular discharge pattern, it does explain the 
periodicity of our irregular-intermittent penile SA unit static 
responses and the branching termination might explain the 
large receptive fields. Morphological support for this idea 
comes from a report by Cooper and Aronson [15] that de- 
scribed an extensive free nerve ending innervation of the 
feline penis overshadowing corpuscular endings. The recep- 
tors with multiple branched endings might be the structural 
profile of the irregular-intermittent SA units. 

Comparing the characteristics of feline penile SA units 
with the attributes of SAI and SA II units in hairy and 
glabrous skin of the limbs and face, yields ambiguous results. 
Although the interspike interval variability range of the 
irregular-intermittent and regular penile units roughly re- 
sembled those of SA I [25, 36, 51] and SA II [12,36] mechan- 
oreceptors respectively, a complete correlation did not 
materialize. Unlike the SA II units, the penile regular units 
did not display a resting discharge or respond preferentially 
to skin stretch. The penile irregular-intermittent units dis- 
played high frequency dynamic bursts, frequent short in- 
terspike intervals, and faster conduction velocities similar to 
those observed in SA I units [25,36] but were not associated 
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with small receptive fields or epidermal domes [25] and the 
intermittent discharge pattern was not similar to the irregular 
pattern of SA I units [24]. Furthermore, none of the mor- 
phological studies of the penis in the cat [15] and in other 
species [37, 39, 41, 43] describe Ruffini end organs or 
Merkel-cell complexes believed to be the structural units of 
SA II and SA I receptors, respectively [12, 25, 29] although 
Halata found a few Ruffini corpuscles in the glans of man 
[20]. Therefore, equating feline penile SA units with either 
the SA I or SA II mechanoreceptors, or definitively separat- 
ing the SA units into two classes without morphological evi- 
dence, is premature. 

The afferent fibers of penile mechanoreceptors in the 
present study were found to be in the A 6 fiber range based 
on conduction velocity. The mean conduction velocity of 
approximately 18 m/sec was slightly lower than the mean 
value of 25 m/sec reported by Cooper [14]. This small differ- 
ence may have been due to his use of a stronger intensity 
electrical stimulus which was shown by Holliday er al. [23] 
as a causal factor in a high conduction velocity measure- 
ment. Moreover, many of our single fiber isolations were 
located quite distally along the dorsal nerve of the penis and 
might have exaggerated the effect of distal axonal taper as 
proposed in the ram [17]. Interestingly, the feline penile 
mechanoreceptive afferents conduct as much as three to four 
times more slowly than their mechanoreceptive counterparts 
in the hindlimb [9,28]. In the cat tongue, however, 
mechanoreceptive afferents in the chorda tympani nerve 
have an average conduction velocity of only 19 m/sec [7] 
suggesting a similar innervation scheme in the mucocutane- 
ous regions of the penis and tongue. Others [26,42] have 
proposed that the maximum frequency of afferent firing is 
proportional to fiber size, and therefore conduction velocity. 
In support of this proposal, our study shows that the ability 
of RA units to respond to high frequency sinusoidal stimula- 
tion is positively correlated with conduction velocity. Com- 
bining this evidence with the lower mean frequency- 
following maximum and conduction velocity of feline penile 
RA units compared with penile RA units in the rat ((34], 
unpublished observations) we conclude that afferent fibers 
of mechanoreceptors in the cat penis are smaller than those 
in the cat hindlimb and the rat penis. 

The exact functional role of rapidly and slowly adapting 
mechanoreceptors in the glans penis of the cat is unknown 
but several inferences can be made. As reported by Aronson 
and Cooper [5], sectioning the dorsal nerve of the penis or 
desensitizing the glans surface with a local anesthetic 
produces disorientation of the penis during mounting behav- 
ior. In their studies, the male’s lack of proper orientation 
caused intromission failure despite normal erectile reflexes. 
The male typically mounted too far forward on the back of 
the female and often fell on his side. From both aberrant 
positions the male made repeated pelvic thrusts although his 
penis was far removed from the female’s genitalia. This dis- 
orientation could possibly be due to the removal of sensory 
feedback from the SA mechanoreceptors located predomi- 
nantly in the distal glans. Recent work in humans have de- 
scribed a major role of SA units in texture discrimination and 
position sense (kinesthesia) in the hand [30, 31, 40], that is, 
these mechanoreceptors function to spatially discriminate an 
external object during a manual task while simultaneously 
transmitting information regarding the position of the hand 
or fingers relative to the object and the rest of the body. If 
the penile SA units have a similar function then they would 
provide the male cat with the ability to orient the penis near 
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the perineal region of the female and assist penetration into 
the vagina. A vaginal detection role for mechanoreceptors in 
the glans of male rats has been hypothesized by Hart [21]. 
Given the response attributes of penile SA mechanorecep- 
tors, they might have other functions during copulation, 
namely, transmission of information regarding slow skin 
movement, pressure, and state of erection. 

The population of penile RA mechanoreceptors might 
provide the majority of the high frequency penile input to the 
spinal cord necessary for reinforcement of sexual excitability 
[5]. Given their predominance in the spiny glans, the func- 
tion of RA units may be related to the penile spines. Al- 
though we found no significant enhancement of single unit 
response when a spine was deflected vertically, a simulta- 
neous tangential deflection of all spines occurring during 
copulation might give rise to an enhanced afferent impulse 
barrage in the dorsal nerve of the penis, thus providing a 
sufficient drive on the spinal reflex center. Furthermore, the 
RA units in the spiny glans might relay information about the 
depth of penile penetration. Degeneration of the spines 
through castration reduces the intromission duration [47] but 
is not well correlated with a decline in sexual behavior [4] or 
a reduced receptor innervation [15]. Moreover, Cooper and 
Aronson [16] found no difference in mechanoreceptive force 
threshold or evoked dorsal nerve activity (sweeping skin 
stimulation) between intact male cats and sexually inactive 
castrates leading them to conclude that peripheral sensory 
effects of castration are not the cause of the decline in sexual 
behavior following gonadectomy. We believe the involve- 
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ment of mechanoreceptive afferents should not be dismissed 
so readily. At the unitary level, we found no appreciable 
threshold difference between vertical stimulation of a spine 
or the interspinous skin, corroborating their findings. How- 
ever, their sweeping stimulation of the penis did not take into 
account the decrease in “‘spiny’’ penile diameter of cas- 
trates. Perhaps a function of penile spines is simply to extend 
the receptive fields in a centrifugal direction, thus increasing 
contact with the vaginal walls. Receptive field extension is 
one of the functions of body hairs [8] and penile spines have 
been suggested to be homologs of hairs [49]. Another factor, 
not studied to date, is the possible effect of erection on 
mechanoreceptor sensitivity. Penile spines in the rat, when 
viewed with a scanning electron microscope, appear to 
‘erect and evert’’ following penile tumescence [48] and 
might therefore change mechanoreceptor response profiles. 
Further studies are planned to investigate the erectile effect 
on mechanoreceptor sensitivity. If feline penile spine loss 
does inhibit sexual performance, the effects may be due to an 
attenuated mechanoreceptor spinal input or possibly only 
due to the elimination of the mechanical ‘‘holdfast’’ spine 
function suggested by Aronson and Cooper [4]. 
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SOFFIE, M., M. BRONCHART AND B. LEBAILLY. Scopolamine-induced deficits in acquisition of a complex spatial 
learning. PHYSIOL BEHAV 37(1) 79-84, 1986.—The role of scopolamine was studied in a complex spatial orientation 
task. The procedure involved an increasing difficulty of the task: at the pretraining stage a cue (box) was placed at the 
reinforcement spot and the animal could give a correct response by adopting either a cue-strategy or an orientation response 
(i.e., go to the arm on the right of a visual landmark). In the subsequent spatial training, the box was removed, so that the 
orientation response was the only correct one. Results show that scopolamine-injected animals are able to use a cue- 
strategy but are unable to acquire a spatial orientation strategy: this more complex task asks for more time and for more 
sustained attention. When the response is already partly acquired, scopolamine has less effect. The cholinergic system 
would thus be involved in the quality or even the complexity of the response rather than in the retention itself. Though a 
state-dependent effect may not be excluded, it by itself cannot explain the observed differences. Finally, an impairment of 
the maintenance of attention could be responsible for the deficits observed in the acquisition of the complex task. 


Scopolamine Complex spatial learning 


THE role of anticholinergics in memory and cognitive proc- 
esses has been often studied [1, 2, 6, 7, 8, 13, 15]. Although 
the disturbing anterograde effects of scopolamine and at- 
ropine are clear, their retrograde effects are far less obvious 
(review in [12]). It seems indeed that scopolamine adminis- 
tered after training has little effect on retention of a simple 
task and produces retrograde amnesia only at high doses [9]; 
besides, this effect is time-dependent [16,26]. According to 
the above-mentioned authors, scopolamine would not affect 
the short-term memory process necessary to improve 
performances during acquisition, but the memory trace re- 
trieval. On the other hand, in complex tasks performed by 
monkeys, such as delayed match-to-sample or delayed re- 
sponses [1,18], a performance deficit is observed and inter- 
preted as a short-term memory deficit. Moreover, anticho- 
linergics would have an amnesic effect when some level of 
attention is necessary and when important emotions are 
present, as for instance in untrained animals or in complex 
tasks [13]. 

According to Cheal [4], the main disturbing effects of 
scopolamine could be ascribed to some impairment in the 
maintenance of attention and not to amnesic deficit or to a 
response disinhibition. The attention deficits could explain 
why scopolamine impairs the spatial responses and not the 
systematic responses in a radial maze [25], the complex dis- 
criminations and not the simple ones [14]. 





In the experimental design we chose, in order to give a 
correct response, the animal must adapt his orientation at 
each trial according to the position of a visual cue which is 
moved randomly from trial to trial. In such training condi- 
tions, we hypothesized that the animal would be able to form 
a spatial map in a device where all references, other than the 
visual cue, have been excluded. 

This technique should allow a demonstration of an 
abstract spatial memory: i.e., more abstract in its nature than 
in other classical methods since the animal has no opportu- 
nity to produce systematic responses. Working memory 
does not interfere in this test, as the animal has to remember 
a general principle: to go to the arm on the right of the visual 
cue. Nevertheless, given the random position of this cue, the 
correct response is either to go straight ahead or to go to the 
left or again to the right from the starting point. The correct 
choice implies, therefore, a more complex decision possibly 
involving proprioceptive cues. 

Another issue we wanted to examine is the importance of 
the state-dependent effect induced by scopolamine. Al- 
though some authors [10] found this effect, others [3, 15, 22] 
have not confirmed it. Nevertheless some are tempted to 
assign the scopolamine induced deficit partly to a deficit of 
acquisition, and partly to the state-dependent effect (review 
in [12)}). 
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METHOD 
Subjects 


Our experiments were conducted on male albino Wistar 
rats (non inbred), 4 to 6 months old at the beginning of the 
experiment. The rats were housed in groups of 6 animals in 
colony room maintained on a 12/12 light-dark schedule. 


Apparatus 


Our design has been inspired by a maze designed by 
Poucet [19]. The cross-shaped maze (Fig. 1) is encircled by a 
dark brown opaque curtain. The environment is thus visually 
homogeneous except for the internal cue: a white and black 
striped panel (29x49 cm) with a small flashing lamp. A re- 
movable box can be added at the end of each maze-arm 
where a feeding white plastic bowl is fitted to receive the 
reinforcement. A TV camera and a light source are fixed on 
the ceiling above the center of the maze, allowing homogene- 
ous lighting (15 lux). The video is placed outside the curtain 
where the experimenter can perform his observations. The 4 
maze arms are strictly identical (76x12 cm) and can turn 
around a central axis. 


Experimental Procedures 


After a period of food deprivation and familiarization, the 
animals were submitted to the training. As reinforcement we 
used milk chocolate as it is known that anticholinergics 
produce mouth drying and thus interfere with the consump- 
tion of dry food [25]. The drug, scopolamine hydrobromide 
(SIGMA), was administered at the dose of 1 mg/ kg in a 
volume of | ml of saline, the saline solution being used as 
control. The IP injections were made 10 min before the be- 
ginning of the experiment. A single injection was made daily 
during the 36 days of the experiment. Due to the length of the 
experiment, only one dose of scopolamine was used, whose 
efficiency had been proved in preliminary experiments and 
in other learning tasks (review in [12]). Each animal received 
5 trials daily with an intertrial interval of 10 min. Between 
each trial, the maze was rotated in order to avoid any refer- 
ence to the branch itself rather than to its position. 

The rule of the experiment was to go to the arm on the 
right of the visual cue whose position was randomized. The 
position of the starting point is invariable and the reinforce- 
ment is always at the right of the cue. During a pretraining 
stage, a box was placed at the end of the reinforced arm so 
that the animal could then go to the box and use a cue- 
strategy. During the training itself, the box was removed and 
all the arms were then similar; the only possibility to make a 
correct choice was thus to use a spatial orientation strategy 
with reference to the visual cue. 


EXPERIMENT I 


The aim of this experiment was to determine the influence 
of the pretraining on the acquisition of the more complex 
choice. It is indeed known that the acquisition of a complex 
task is facilitated by a procedure with gradual difficulty. For 
this experiment we used 2 groups of rats (n=10); one group 
received the pretraining procedure followed by the complex 
spatial orientation training; the second group was trained 
from the outset on the complex spatial orientation proce- 
dure. No scopolamine injections were given in this study. 
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FIG. 1. Diagram of the apparatus. The maze is represented such as it 
was used for the pretraining: a box is placed at the end of the rein- 
forced arm. The starting-point is always at the same place; the visual 
cue position is at random. 


RESULTS 


Performances 


To quantify the performance, we took into consideration: 
the frequency of correct responses (Fig. 2) and the acquisi- 
tion rate (Fig. 3), i.e., the number of trials necessary to attain 
a criterion of 16/20 correct responses. A score of 100 means 
that the criterion was not obtained, as the experiment lasted 
100 trials. If we compare the frequencies of correct re- 
sponses during trials | to 65, in the pretraining group and in 
the spatial training group, we obtain a significant difference, 
1(18)=2.26, p<0.05. During the following trials (66 to 165), 
the animals in the pretraining group continued to perform 
more accurately (frequency of correct responses: 
1(18)=4.91, p<0.001; acquisition rate: Mann Whitney, 
U=15, p<0.05) [5,21]. No animal reached the criterion if it 
had not received the pretraining procedure. 


Relation Between Pretraining and Complex Training 


In order to verify if the animals return to their initial 
accuracy level when they pass from the pretraining to the 
spatial training or if they keep some acquisition after the 
pretraining, we compared for each animal the frequency of 
correct choices during the first 10 trials of the pretraining 
with the frequency of correct choices during the first 10 trials 
of the complex training for the same animals. The difference 
is significant, #(9)=2.28, p<0.05, thus revealing that some of 
the learning from pretraining generalizes to the more com- 
plex task. 

In order to verify if the decrease in percentage of correct 
responses is significant at the transition between pretraining 
and complex training, we compared the performances during 
the last 10 trials of the pretraining with those obtained during 
the first 10 trials of the complex training; this difference is 
significant, 1(9)=4.26, p<0.01. Therefore, although there are 
some savings from the pretraining, there is significant dis- 
ruption of responding when the box is removed from the 
reinforcement spot. 


CONCLUSIONS 


This experiment revealed the necessity to adopt a proce- 
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FIG. 2. Percentage of correct choices across trials according to the 
experimental procedure. 
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FIG. 4. Experimental design of Experiment 2. 


dure with gradual difficulty, because no animal achieves the 
acquisition criterion when he is directly submitted to the 
complex spatial orientation procedure (Fig. 2 and 3). Both 
types of training (pretraining and complex training) are con- 
tingent on ‘‘go right’’ but there is an additional cue (box) 
during the pretraining. The results reveal thus that the rats 
partially learn the orientation task during the pretraining and 
we took these elements into account to establish the experi- 
mental scheme for Experiment II. 


EXPERIMENT II 


The aims of this experiment are to determine the role of 
scopolamine in the acquisition and/or the retention of a 
complex spatial task, to assess the influence of a state- 
dependent effect and to determine if a relation exists be- 
tween accuracy of responding and latency to respond. 

Given the results of Experiment I, all animals received 
the pretraining procedure before the complex orientation 
procedure (Fig. 4). 


RESULTS 


In this experiment, we compared during the pretraining 
Saline (SAL) and Scopolamine (SC1) groups on the one 
hand, and the SAL-SAL, SAL-SC1, SC1-SC1 and SC1-SAL 
groups at the complex training stage on the other hand. In 
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FIG. 3. Performances of the animals during trials 65 to 165 according 
to the previous experimental procedure: median and interquartile 
range of the number of trials before criterion acquisition (16/20 cor- 
rect choices). 
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FIG. 5. Percentage of correct choices across trials during pretraining 
and complex spatial orientation according to applied treatments. 


the analysis, we considered the same variables as in Experi- 
ment I. 


Performances 


If we consider the frequency of correct responses be- 
tween SAL and SC1 during pretraining (Fig. 5) there is no 
significant difference, 1(36)=0.23. During complex training 
(Fig. 5) the two-way analysis of variance (the ‘““between”’ cri- 
terion being the treatment and the ‘‘within’’ criterion being 
the sessions) reveals that the treatment, F(3,34)=40.60, 
p<0.001 as well as the session, F(9,306)=10.29, p<0.001, 
strongly influence the results and a significant treatment x 
session interaction is also found, F=3.32, p<0.001. The test 
of Newman-Keuls reveals that each of the 4 groups is differ- 
ent from the other ones and that only the block of the 10 first 
trials is different from the others. 

When the acquisition rate is considered (Fig. 6), the 
Kruskal-Wallis one way analysis of variance [21] shows a 
significant treatment effect, H= 15.53, p<0.01. The post-hoc 
Mann-Whitney comparisons reveal on the one hand that the 
differences between SAL-SAL/SCI-SAL and SAL- 
SAL/SC1-SC1 are significant at the 0.001 level (U=6 and | 
respectively) and on the other hand, that the differences be- 
tween SC1-SC1/SAL-SC1 and SC1-SAL/SAL-SC1 are sig- 
nificant at the 0.05 level (U=17.7 and 20.5). Other compari- 
sons are not significant. The acquisition criterion is obtained 
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FIG. 6. Performances during spatial orientation learning according 
to applied treatments: median and interquartile range of the number 
of trials before criterion acquisition (16/20 correct choices). 


by all animals of the SAL-SAL group, by 6 animals out of 9 
in the SAL-SC1 group, and by 2 animals out of 10 in both 
SC1-SC1 and SCI-SAL groups. At the complex training we 
did not get an ascending acquisition curve as for the pretrain- 
ing (Fig. 5). This phenomenon is due to the fact that most 
animals do not maintain a frequency of 80% of correct 
choices. After having reached the 16/20 criterion, they make 
some errors before resuming a correct performance. 
Relation between pretraining and complex spatial train- 
ing. If we compare the frequencies of correct responses 
given by thé’ same rats during the first 10 trials of the pre- 
training and the first 10 trials of the complex spatial training 
among the 4 groups (Fig. 5), we see that only the SCI-SAL 
group goes back to its initial level at the beginning of the 
complex training, #(9)=0.26; the three other groups keep 
some acquisition from the pretraining (SAL-SAL: 1(8)=3.35; 
SAL-SC1: 1(8)=3.27; SC1-SC1: 1(8)=3.25, p<0.01 in all in- 
stances). The decrease in performance from pretraining to 
spatial training is significant for the 4 groups (SAL-SAL: 


1(9)=4.78, p<0.001; SCI-SAL: 1(9)=4.87, p<0.001). 

Influence of drug administered at pretraining. In order to 
verify if the treatment given at the pretraining influenced the 
following complex spatial learning, we analyzed together the 
groups having received saline solution at the pretraining 
(SAL-SAL + SAL-SC1) versus the groups having received 
scopolamine at the pretraining (SC1-SC1 + SC1-SAL). The 
results are given on Fig. 7A. For the frequencies of correct 
responses, the difference is very clear: animals having re- 
ceived scopolamine at the pretraining make many more er- 
rors at the complex spatial training, 1(36)=4.69, p<0.001. 
For the acquisition rate, the difference is also very clear and 
goes in the same direction (U=45, p<0.001). 

Influence of the drug given at the complex training stage. 
We considered here the effect of scopolamine administered 
at the training stage, irrespective of the pretraining treat- 
ment. We analyzed thus the groups (SAL-SAL + SCI-SAL) 
versus the groups (SC1-SCI + SAL-SC1) (Fig. 7B). Neither 
the frequency of correct responses, nor the acquisition rate 
showed significant differences, (36)=0.67 and U= 144.5. 

Influence of the state-dependent effect. We compared 
here the groups (SAL-SAL + SC1-SC1) and (SAL-SC1 + 
SC1-SAL) (Fig. 7C). The difference is significant for the fre- 
quency of correct responses, /(36)=2.42, p<0.01, but not for 
the acquisition rate (U=153). 
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FIG. 7. Percentage of correct choices and median number of trials to 
criterion during complex training. A: Effect of the pretraining drug 
(SAL or SC1) whatever the following treatment. B: Effect of the 
complex spatial orientation drug (SAL or SC1) whatever the previ- 
ous treatment. C: State-dependent effect. 


Latencies 


We analyzed both the latency to leave the starting point 
and the duration of pause at the crossing point (Fig. 8). 

Latency to leave the starting point (Fig. 8A). The com- 
parison between SAL and SC1 groups at the pretraining is 
significant, 1(36)=1.93, p<0.05. The SC1 injected animals 
learned as well as the controls and were faster to leave the 
starting point. We will discuss this further. 

At the complex training stage, the two way analysis of 
variance shows that there is a _ treatment effect, 
F(3,34)= 19.93, p<0.001, and a strong session effect, 
F(9,306)=28.76, p<0.001, on latency to leave the starting 
point. The Newman-Keuls test shows that the SAL-SAL 
group is significantly the fastest and the SAL-SCI group 
significantly the slowest; the two other groups are not differ- 
ent from one another. Concerning the sessions, the time is 
significantly shortened after the forty one trials. The signifi- 
cant treatment x session interaction shows that the treat- 
ment effect on latencies decreases with additional testing. 

Duration of pause at the crossing point (Fig. 8B). No 
significant difference in the duration of pause at the crossing 
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FIG. 8. Latencies across trials for scopolamine and saline treated 
rats. A: Latency to leave the starting point. B: Duration of pause at 
the crossing point. 


point is observed between the two groups at the pretraining, 
1(36)=0.38. At the complex training, there is a strong treat- 
ment effect, F(3,34)=11.96, »><0.001, a strong session effect, 
F(9,306)= 19.79, p<0.001, and a strong session x treatment 
interaction, F=7.34, p<0.001. From the Newman-Keuls 
test we can see that all groups significantly differ from one 
another: the fastest group was the SAL-SAL group, followed 
by SCI-SAL, SC1-SC1 and finally SAL-SC 1. Thus, there were 
longer pauses in rats who had received SC1 prior to testing. 
Concerning the sessions, the first 20 trials are different from the 
80 subsequent trials. During trials 20th up to 100th, the times 
are shortened and remain stable in the following trials. 

The significant treatment x session interaction is a result 
of the decreasing effect observed in the case of additional 
testing. The duration of pause is related to the session and 
lengthened in SCI groups during the first sessions only. 


DISCUSSION AND CONCLUSION 


Our results emphasize the importance of a qualitative 
analysis. The various arguments we have put forward sup- 
port different strategies: even if the performances of the rats 
are quantitatively similar—in other words, if the rats make 
comparable numbers of correct choices—the response may 
be given in different ways. Rats injected with scopolamine 
tend to favour the simplest strategy when the choice is 
possible (cue-strategy rather than spatial response orienta- 
tion at the pretraining). This hypothesis is supported by the 
different latencies found, since the scopolamine injected 
animals start more quickly. 

Our results plead for a scopolamine-induced attention and 
stimulus selection deficit as it has been described by other 
authors [4, 20, 24]. Thus, the fact that scopolamine given at 
the pretraining blocks the facilitating effect of this pretrain- 
ing on the subsequent complex training (Fig. 7A) seems to 
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show that anticholinergic-injected animals only learn to go to 
the box (cue-strategy) and do not learn that the box is always 
at the right of the visual cue. The animals would then be able 
to choose the appropriate stimulus (box) but not to maintain 
their attention during the time-span required to register the 
spatial relation between both stimuli. In this case, the gen- 
eralization from pretraining to subsequent complex training 
is impossible. The fact that scopolamine-injected animals are 
faster at the pretraining strengthens this interpretation (Fig. 
8A). It is nevertheless difficult to dissociate attention deficits 
and cognitive deficits, as any correct response in a complex 
task calls for a rather high level of attention. Our results are 
also in agreement with those of Watts ef al. [25]. They 
showed that, in an 8-arm Olton-type maze, the simple strat- 
egies (as to visit successively the left or right adjacent arms) 
are not affected by scopolamine. On the contrary, spatial 
strategies, asking for an orientation according to environ- 
mental cues, are affected in their experiments. The absence 
of a significant effect of the drug when given after the pre- 
training (i.e., at the beginning of the complex spatial orienta- 
tion training) (Fig. 6 and 7B) shows that scopolamine has no 
disturbing effect on an already acquired spatial response. 

Our results show that scopolamine injected animals are 
able to use a cue-strategy. This conclusion was reached pre- 
viously [4] but not confirmed in subsequent experiments 
[17]. Our results also invalidate the hypothesis that a per- 
ception impairment is responsible for the observed deficits. 

The state-dependent effect induced by scopolamine is not 
invalidated by our Experime it II (Fig. 7C) but it is much less 
pronounced than the effect of the drug administered during 
the pretraining (Fig. 7A). These results are consistent with 
those mentioned in the introduction. 

The effect of scopolamine on the latencies has been men- 
tioned previously [17]. Moreover, other research on old rats 
has led to the conclusion that there would be no relation 
within an age group between the response latency and the 
moment of the effective decision [23]. However our results 
tend to show that the latencies are shortened during the pre- 
training when scopolamine-treated animals are performing 
well. 

A decrease in motivation for food reinforcement could be 
responsible for our results, since it is known that 
scopolamine interferes with feeding behaviour. It inhibits 
salivary secretion, producing a drying of the mouth and an 
increased thirst. This mouth drying would be responsible for 
a decline in appetite [11]. However, the decrease in rein- 
forcement value does not seem to explain our results since 
scopolamine injected animals are comparable with control 
animals at the pretraining and as the SC1-SAL group shows 
the poorest performance in the complex task. 

We may thus conclude that the deficits of acquisition, as 
evidenced in this experiment, are essentially related to the 
complexity of the task and are undissociable from the capac- 
ity of maintaining attention. 
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MILIARESSIS, E., P.-P. ROMPRE, P. LAVIOLETTE, L. PHILIPPE AND D. COULOMBE. The curve-shift paradigm 
in self-stimulation. PHYSIOL BEHAV 37(1) 85-91, 1986.—Eleven rats were trained to press a lever in an operant 
chamber in order to earn rewarding trains of cathodal rectangular pulses of fixed intensity and variable frequency. The 
rate-frequency functions were examined under administration of two neuroleptics (pimozide and chlorpromazine) and three 
manipulations that interfered with bar pressing (muscular relaxation with methocarbamol, increased lever weight, and 
limitation of maximum response rates by an FI reinforcement schedule). Chlorpromazine, and pimozide at low dosages 
produced a near parallel shift of the rate-frequency functions on the logarithmic axis of pulses, suggesting that these drugs 
decreased the reinforcing efficacy of the stimulation. The three conditions that interfered with bar-pressing decreased the 
asymptotic rates and produced small or moderate lateral shifts. Changes in the reinforcing efficacy of the stimulation 
following the above manipulations were inferred from the shift in the number of pulses required at zero and half-maximal 
performance (0, and M5» indices, respectively). In the cases of the manipulations that interfered with bar-pressing, Mso 
indicated a larger artifactual change in the efficacy of the stimulation, compared to 0). This phenomenon was mainly due to 
the fact that the asymptote of the altered tunctions was shitted towards higher pulse numbers. 
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THE curve-shift paradigm has been used for several decades 
to study the efficacy of various classes of chemicals to com- 
bine with receptors of identified neurons. When the response 
of an effector organ is plotted against the log concentration 
of an agonist, a sigmoid function is usually obtained. Simul- 
taneous exposure of the effector to a drug that combines with 
the same receptor as that of the agonist, but lacks intrinsic 
activity, produces a parallel shift of the function towards 
higher agonist concentrations. Irreversible receptor block- 
ade or physiological antagonism usually limits the effector’s 
capability to provide the full range of response and results in 
a lack of parallelism. 

Edmonds and Gallistel [2] have proposed that the curve- 
shift parxdigm is an effective tool for testing the specificity of 
drug effects on brain stimulation reward. A decrease in the 
asymptotic performance would indicate that the drug has 
interfered with the animal’s capability to perform the task, 
without affecting the reinforcing efficacy of the stimulation. 
This situation would be analogous to a physiological antag- 
onism. The same authors have also proposed that the 
amount of stimulation required to produce half-maximal per- 
formance (Ms. index) should be used to infer changes in the 
reinforcing efficacy of the stimulation following drug treat- 
ment or other experimental manipulations. 

Edmonds and Gallistel tested the curve-shift paradigm in 
animals that were trained to run an alley to gain electrical 
stimulation of the brain [2]. They found that manipulations 
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that interfered with the animal's capability to run decreased 
the asymptotic running speed but failed to alter the Myo 
index by more than 0.2 log pulse units. 

The purpose of this study is to more fully explore the 
reliability of the curve-shift paradigm in self-stimulation. The 
rationale for such an undertaking is as follows: First, this 
paradigm has not yet been examined in self-stimulation ob- 
tained in an operant chamber. The latter is by far the most 
common procedure in the investigation of brain stimulation 
reward. Second, there is as yet no explicit description of the 
curve-shift characteristics required for the Ms» index to be a 
valid measure of drug specificity. 

In a recent work we postulated that a decrease in the 
reinforcing efficacy of the stimulation should result in a par- 
allel shift of the function relating the rate of bar-pressing to 
the log number of pulses per stimulating train [8]. Figure 1 
shows the case of a single animal tested in a previous (un- 
published) experiment. The data show that a decrease in 
pulse intensity (and hence a decrease in the number of 
reward-relevant neurons) produces a shift of the rate- 
frequency funtion towards higher pulse numbers, and that 
the shift is parallel on the logarithmic axis of pulses. Sax and 
Gallistel [11] found that this is also true in brain stimulation 
reward tested in a runway apparatus. In the case of subject 
916, a change in pulse intensity from 300 to 175 wA de- 
creased the efficacy of the stimulation by 37.5% (an increase 
of 0.204 log units in the required number of pulses). Because 
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FIG. 1. The effects of reducing the pulse intensity on the rate- 
frequency function in subject 916. Note that a parallel curve shift is 
obtained when a logarithmic scale is used in the abscissa. 


the shift is parallel, the above estimate is independent of the 
performance level used to calculate stimulation efficacy. 


Figure 2 and the accompanying discussion presents an 
analysis of different types of alterations of a rate-frequency 
function due to performance factors, and shows how these 
alterations would affect the M;» index of stimulation effi- 
cacy. For convenience, the segment of the function between 
the lower and the upper asymptote is assumed to be a 
straight line. The bars under the pulse axis show the devia- 
tion in the Ms) index. Figure 2a illustrates the case of a 
performance factor that resulted in a scalar transformation of 
the rate-frequency function. In other words, the perform- 
ance factor reduced performance by the same percentage at 
all levels. A scalar effect has no consequence for the meas- 
urement of the stimulation efficacy: the use of any criterion 
performance shows a 0% change in efficacy, indicating cor- 
rectly that the observed change in slope is due to factors that 
are independent of the reinforcement process. Figure 2b 
shows a case where the function after the alteration is rela- 
tively steeper at high levels of reward than it was before the 
alteration. M;) shows an artifactual change in stimulation 
efficacy while the intersection of the function with the pulse 
axis (OQ, index) indicates correctly that the value of rein- 
forcement has remained unchanged. In Fig. 2c, the function 
at low levels of reward is relatively shallower after the alter- 
ation. In this case, 0, indicates a slightly greater change in 
stimulation efficacy, compared to M;,. Figure 2d shows a 
case where the altered function is relatively shallower at low 
levels of reward and relatively steeper at near asymptotic 
levels than it was before the alteration. In this case, the 
alterations at both levels contribute to determine the mag- 
nitude of change in M;» index. 

With these considerations in mind, the present investiga- 


MILIARESSIS ET AL. 











i 


Pulses per train (log) 


FIG. 2. Theoretical alterations of a rate-frequency function. The 
bars under the pulse axis represent the magnitude of change in M55 
index. For details, see text. 


tion compares rate-frequency functions under various exper- 
imental conditions. The conditions were: (a) treatment with 
methocarbamol (a polysynaptic reflex inhibitor), (b) an in- 
crease in the lever weight, and (c) the use of an FI reinforce- 
ment schedule that limited the maximum response rate. Re- 
sults obtained are discussed within the theoretical context 
outlined above. 


METHOD 
Animals and Surgery 


Eleven mature, male Sprague-Dawley rats were im- 
planted with a monopolar moveable electrode [7] in the lat- 
eral hypothalamus (9 subjects) and the dorsal raphe nucleus 
(2 subjects). Surgery was performed under general anaes- 
thesia with pentobarbital (50 mg/kg). With the skull held 
horizontal between bregma and lambda, the stereotaxic 
coordinates were the following: Hypothalamus: 3.2 mm be- 
hind bregma, 1.7 mm lateral to the midline and 8.0 mm below 
the surface of the skull. Raphe: 7.8, 0, and 7.0 mm, respec- 
tively. 


Apparatus and Procedures 


Following 10 days of post-operative rest, the animals 
were tested for self-stimulation in an operant chamber. The 
stimulation following each barpress consisted of a 0.3 sec 
train of cathodal rectangular pulses of 0.1 msec duration, 
delivered by a constant-current generator [10]. An interval of 
0.4 sec was imposed between the beginning of two consecu- 
tive trains. During screening, the number of pulses per train 
was set at 20 and the pulse intensity varied from 150 to 500 
MA. If the animal failed to self-stimulate following two hours 
of shaping, the electrode was moved by 0.16 mm and the new 





CURVE SHIFT IN SELF STIMULATION 


Reinforcements per min. 


o Vehicle 
e Methocorbomo! 200mg/Kg 





Log N Pulses/Train 1.7 


° 
o 


Reinforcements per min. 


o Vehicle 


e@ Methocorbomo! 300mg/Kg 








—_—_—————————— 
Log N Pulses/Train 1.7 


Reinforcements per min. 


eo Vehicle 
e Pimozide .25mg/Kg 





o7 
Log N Pulses/Train . 


° 
o 


TT 


Reinforcements per min 


eo Vehicle 


e Pimozide . 35mg/Kg 








1.7 
Log N Pulses/Train 


FIG. 3. Mean rate-frequency functions of nine animals, under vehicle and drug treatment. The bars 
under the abscissa show the difference in Ms» index between the vehicle and drug conditions, as 
inferred by interpolation between the data points surrounding the criterion. Vertical bars represent 


standard errors of the mean. 


site was tested 24 hr later. The electrode was lowered by steps 
of 0.16 mm until optimal self-stimulation was obtained. The 
animals were then tested two hours daily using 20 pulses per 
train and an intensity that yielded approximately 75% of 
the maximum rate. This intensity was held constant in all 
subsequent testing. After stabilization of the behavior, the 
rate-frequency functions were obtained in the following 
manner: At successive | min trials (separated by the same 
length of rest), the number of pulses per train was varied 
systematically in ascending and descending orders, twice. 
Immediately before each 1 min trial, the animals were 
primed with a few stimulations. After a maximum of 10 
primes, the timer was started even if the animal failed to 
respond. The procedure was repeated daily until the 
threshold pulse number (95) was stable (+1 pulse). Follow- 
ing completion of training, the rate-frequency functions were 


examined under drug and other experimental manipulations 
described below. The drugs were injected freshly prepared. 
Methocarbamol (200 and 300 mg/kg) and pimozide (0.25 and 
0.35 mg/kg) were administered IP, in all nine hypothalamic 
subjects, 10 and 180 min before testing, respectively. Chlor- 
promazine (1.0 mg/kg) was administered SC, in a single hy- 
pothalamic subject, 120 min before testing. The time interval 
between injections was 72 hr. Each drug administration was 
preceded by its vehicle, 24 hr earlier. In two of the hypotha- 
lamic subjects the rate-frequency functions were subse- 
quently tested under increasing experimental constraint on 
the maximum rates (FI schedules of 0.4, 1.0 and 2.0 sec). An 
FI 1.0 sec condition means that the animal was not allowed 
to obtain more than | stimulation train per sec. The two 
raphe subjects were used in an experiment in which the ef- 
fort required to activate the lever was progressively in- 
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FIG. 4. Left panel: The effects of pimozide (0.25 mg/kg) and of a decrease in pulse intensity, in 
subject 900. Note that both manipulations produced a parallel shift of the rate-frequency 
function. Right panel: The effects of chlorpromazine on the rate-frequency function is subject 
838. The bar under the pulse axis shows the change in M5, index following administration of 
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FIG. 5. Alteration of the rate-frequency function due to an increase in the required bar- 
pressing effort. The labels indicate the weight required to activate the lever. The bars 
under the pulse axis show the variations in the M5) index, as inferred by interpolation 
between the data points surrounding the criterion. 


creased. In the case of methocarbamol and pimozide, 72 
individual rate-frequency functions were recorded (8 injec- 
tions times 9 subjects). As a consequence, the rate- 
frequency functions were averaged. The following procedure 
was used separately for each drug or vehicle condition. In a 
first step, the log pulse number of all data points of a given 
rate-frequency function were re-calculated by substracting 
from each of them the value of the intercept. In a second 
step, the new values were increased by adding the mean 
intercept value of all nine functions that were obtained under 
the same experimental condition. The above transformations 
generated nine rate-frequency functions with the same inter- 
cept on the pulse axis. The rates of these new curves were 


then averaged. The above procedure prevented an artifactual 
decrease in slope that would otherwise result following di- 
rect averaging of the data point. 


Histology 


The hypothalamic animals were sacrificed by an overdose 
of pentobarbital. Brain slices containing the electrode track 
were obtained in a cryostat-microtome at — 15°C and subse- 
quently stained with thionine for histological examination. 


Calculation of the Changes in Stimulation Efficacy 


The change in stimulation efficacy following each exper- 
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FIG. 6. The effects of increasing the inter-train interval on the rate-frequency function in subjects 912 and 916. The bars under the abscissa 
show the interpolated logarithmic change in the number of pulses required at half-maximal performance. In the case of subject 916, the 


bar-pressing rates were also recorded. 


imental manipulation was inferred from the shift in 0, and 
Ms» indices. In a first step, the rate-frequency functions were 
individually fitted to Gompertz’s sigmoid model as described 
in a previous work [1]. The best fitting formula was then used 
to infer the two indices. M;) was defined as the pulse number 
required at a performance rate equal to 50% of the 
asymptote. Because the Gompertz’s sigmoid curve has no 
intercept on the X axis, 0, was defined as the pulse number 
required at a performance rate of | press. 


RESULTS 


The tracks of the hypothalamic electrodes lay in the me- 
dial forebrain bundle, at a coronal plane that passes through 
the ventromedial nucleus of hypothalamus. 

Under methocarbamol, the animals exhibited consider- 
able motoric debilitatign due to partial paralysis of the loco- 
motor muscles. As a result, the animals had difficulty in 
standing, moving freely and in manipulating the lever with 
the forepaws. Those subjects, however, who had learned to 
depress the lever with their mouth were able to earn a rela- 
tively high number of reinforcements. Under the pimozide 
and chlorpromazine conditions, the animals appeared nor- 
mal, that is they did not show any motor impairment or signs 
of sedation. 

The effects of vehicle, methocarbamol and pimozide are 
shown in Fig. 3. The bars under the pulse axis represent the 
shift in Mo, as inferred from interpolation. Under the lower 
dose of methocarbamol, the mean rate-frequency function 
showed a slight change in slope. The changes in the two 
indices of stimulation efficacy (0, and Ms.) were very small. 
Under the higher dose of methocarbamol, the rate-frequency 
function showed a clear change in slope. Because the 
asymptote was shifted towards a larger pulse number, Ms 


indicated a slightly greater decrease in efficacy, compared to 
Oo. 

The lower dose of pimozide produced a near parallel shift 
of the rate-frequency function. 0) and M;» indicated that the 
efficacy was decreased to 65% and 68% of its pre-drug value 
(an increase of 0.19 and 0.17 log units, respectively, in the 
required number of pulses). The higher dose of pimozide 
produced an important shift and a moderate change in slope. 
Both indices indicated a 46% decrease in efficacy (represent- 
ing a change of 0.265 log units). 

The parallel shift produced by the lower dose of pimozide 
suggests that the drug acted on neurons that carried or regu- 
lated priming and/or rewarding signals. Indeed, the left panel 
in Fig. 4 that reports data from one of the animals shows that 
the same effect can be obtained regardless of whether the 
current is decreased (and hence the efficacy of the stimula- 
tion) or the drug is injected. The change in slope produced by 
the higher dose of pimozide may suggest that some of the 
drug effects interfered with the animal's capability to per- 
form the task. The data of a single animal treated with chlor- 
promazine are also shown in Fig. 4. The drug produced a 
large shift of the curve and a moderate slope decrease. The 
change in 0, and M5» indicated a decrease of 50% in the 
efficacy of the stimulation. 

Figure 5 shows the alterations of the rate-frequency func- 
tion due to an increase in required muscular effort. The 
legends indicate the weight in grams that was necessary in 
order to activate the lever. In subject 924 (45 grams), both 
indices of stimulation efficacy increased, replicating the 
theoretical case shown in Fig. 2d. On the other hand, the 
alterations found in subject 927 follow more closely those 
changes depicted in the theoretical case of Fig. 2b. Indeed, 
the curves pivoted on their intercept (or very close to it) with 
the pulse axis. In other words, 0, changed very little com- 
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FIG. 7. Changes (in log units) in 0) and M;» indices due to performance variables. 8, and M;. were obtained from the fit of 
the rate-frequency functions with Gompertz’s sigmoid model. The numbers above the bars refer to the figure in which the 
relevant rate-frequency functions are shown. 


pared to M;9. Under the effect of 45 grams, this last index DISCUSSION 
increased by 0.12 log units, indicating an artifactual decrease 
in efficacy of 24.2%. In several contemporary studies of brain stimulation re- 


The above findings, as well as those obtained under ward, changes in the reinforcing efficacy of the stimulation 
treatment with methocarbamol are consistent with previous were inferred from variations in the maximum performance 
observations [9] that Ms) varies more than 0, when the rate rate. The present data demonstrate that the asymptotic per- 
of performance is reduced. The data shown in Fig. 6 were formance depends on factors that are independent of stimu- 
obtained in the experiment in which the rates of self- lation efficacy. Therefore how fast the animal presses is not 
stimulation were experimentally controlled by the use of in- so important a question as how much stimulation is required 
creasing inter-train intervals. The left panel shows that an in order to perform at a criterion rate: under the higher dose 
increase in inter-train interval depressed the slope of the of methocarbamol, the maximum rates decreased by 55%, 
function and increased the asymptotic number of pulses. It is even though the stimulation efficacy, as inferred from 0», 
again noteworthy that the curves pivoted closely on their has changed minimally. 
intercept with the pulse axis: in the FI 2.0 sec condition, 0, The parallel shift produced by the lower dose of pimozide 
indicated an artifactual decrease in efficacy of 12.1% as op- and the slightly angular but large shift produced by chlor- 
posed to a decrease of 24.2%, indicated by Ms». A large promazine suggest that these neuroleptics reduced the value 
artifactual shift in Ms. was also observed in subject 916 of the stimulation. Data from an experiment in which prime 
(middle panel). In this subject, the bar-pressing rates (in ad- and reward were separately manipulated [12], suggested that 
dition to the number of reinforcements earned) were simul- pimozide blocks reward but not prime. The shift observed in 
taneously recorded. The right panel shows that the larger our experiment following pimozide was considerably smaller 
deviation of M;., compared to 8, was not due to the choice than that found by Franklin, who used a similar dose of this 

























of the dependent variable. drug but variable train duration [3]. This discrepancy can be 
The histogram in Fig. 7 summarizes the magnitude of dis- explained by the fact that the required stimulation charge 

tortion for each index, as inferred from the fit of each rate- increases with the duration of the train [4]. 

frequency function to Gompertz’s sigmoid model. With a From a methodological point of view, the data obtained 


few exceptions, the estimated changes shown in Fig. 7 are in under the effect of performance factors allow one to make 
agreement with the observations based on the empirical the following observations: The changes in the rate- 
data. The mean distortion in stimulation efficacy, for the 12 frequency function, induced by the performance variables 


cases shown in Fig. 7 is 0.054 and 0.11 log units (Oy and Msp, investigated resemble those changes depicted in the theoret- 
respectively). A one tailed t-test for paired groups showed ical cases of Fig. 2b and 2d. Indeed, the asymptote of the 
that M5. was subject to significantly larger distortion com- _ altered function was generally shifted towards larger pulse 


pared to 0, (t=2.0, p<0.905). numbers, compared to the control function. This observation 
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does not support Gallistel’s hypothesis [5] that the asympto- 
tic performance is reached at the same pulse number, regard- 
less of the difficulty of the task. In addition, M;. predicted 
larger artifactual changes in stimulation efficacy, compared 
to Oy. The greatest deviation in Ms) was 0.2 log pulse units. 
The question of whether this deviation is large enough to 
lead to erroneous conclusions about reward-specificity of a 
manipulation is central to the present work. Figures 3 and 6 
show that Ms) was shifted approximately by the same 
amount under the effect of pimozide (0.25 mg/kg) and under 
the effect of a 2 sec constraint on the performance (FI 2 sec, 
rat 916). Another reason for believing that this magnitude of 
shift in Ms) may be potentially confusing is that in general, 
neuroleptics do not produce noticeably larger shifts than 
those observed under the higher dose of pimozide (Gallistel 
1985, personnal communication). 

The data obtained after experimental constraint on the 
performance (Fig. 6) may explain the discrepancy between 
the two indices of stimulation efficacy. According to Gallis- 
tel [5], prime and reward combine additively to determine the 
animal’s temporary affinity for the stimulation. In the oper- 
ant chamber, each barpress provides priming for the next 
stimulation. Since the priming effect decays within a few 
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seconds [6], any constraint on the performance will change 
the affinity of the animal for the stimulation. This combina- 
tion of effects represents the most serious limitation in the 
barpressing paradigm. In addition, the higher the rate of per- 
formance, the greater the probability that the time constraint 
interferes with barpressing, i.e., the greater the reduction in 
the animal’s affinity for the stimulation. For example, in sub- 
ject 912 (Fig. 6), the change in the required pulse number 
following the 2 sec constraint, was 0.05, 0.12 or 0.16 log 
units, depending on whether the criterion performance was 
set at 0, 50 or 75% of the maximum. The above interpretation 
implies that a shift in the asymptotic pulse number consecu- 
tive to the effect of a performance variable is due to a change 
in the animal’s affinity for the stimulation. It also implies that 
M;) measures the combined effect of prime and reward 
rather than reward alone. In the runway paradigm where 
prime and reward are separated, changing the amount of 
prime had negligible effects on the estimate of Ms» index [2]. 

In summary, the present data show that when an experi- 
mental treatment depresses the asymptote of a rate- 
frequency function, 0, is subject to lesser artifactual varia- 
tion, compared to Ms». 
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DE JONGE, F. H. ANDN. E. VAN DE POLL. On the involvement of progesterone in sexually rewarded choice behavior 
of the female rat. PHYSIOL BEHAV 37(1) 93-98, 1986.—The present experiment was designed to investigate the role of 
Progesterone in the regulation of two aspects of the female's appetitive sexual behavior. Ovariectomized females were 
tested for partner preference using either a test in which sexual interaction was not possible (“sexual orientation’) or a test 
which included the possibility of sexual interaction (*‘sexually rewarded choice behavior’). The females were either 
primed with OIL, Estradiol benzoate (EB) or with Testosterone propionate (TP). Additional groups of females which were 
primed with EB or TP were treated with Progesterone (P) four hours prior to testing. The results indicate that females 
which are either treated with EB or with TP, show a male-directed orientation, while OIL-treated females do not. Sexually 
rewarded choice behavior however, was not affected by hormonal treatment with EB or TP. Additional treatment with P 
did not further increase the female's male-directed sexual orientation. Sexually rewarded choices for males, in contrast, 
were drastically increased. EB+P- or TP+P-treated females also showed a significant increase in heterosexual interac- 
tions with males in the goal box. The present results support the hypothesis that P plays a role in the female's appetitive 


sexual behavior, only when the possibility for interaction with a male is present. 
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A great deal of research on the endocrinology of female rat 
sexual behavior has dealt with copulatory responses (lor- 
dosis behavior) (see [8]). Appetitive aspects of female sexual 
behavior have been investigated in some more recent studies 
(see [1, 14, 23]). These aspects of behavior include the 
female’s tendency to approach and/or copulate with males as 
well as proceptive behaviors such as hopping, darting and 
earwiggling which serve to elicit sexual activities from the 
male [11]. 

Research on appetitive aspects of female sexual behavior 
has been stimulated by the finding that various hormones 
differentially affect consummatory (lordosis) and appetitive 
aspects of female sexual behavior. In ovariectomized female 
rats for instance, the probability of lordosis in response to 
male mounting was found to be directly related to the dose of 
both estrogen and progesterone (P). Proceptive behavior 
however, was shown to be primarily related to the dose of P 
({7, 24, 25], de Jonge, Burger and van de Poll, submitted). In 
another study it was shown that the non-aromatizable 
androgen methyltrienelone (R1881) stimulates the motiva- 
tion of female rats to orient towards sexually active males 
without stimulating lordosis behavior [2]. The importance of 
investigating appetitive aspects of female sexual behavior is 
further illustrated by studies which indicate that different 
brain regions are involved in the regulation of lordosis behav- 


ior on the one hand, and appetitive aspects of female sexual 
behavior on the other hand [23,26]. 

Several studies have investigated the effects of hormones 
on the female’s preference for sexually active males, repre- 
senting one aspect of the female’s appetitive sexual behav- 
ior. Partner preference was investigated in tests in which the 
female was allowed to choose the company of either a sexu- 
ally active male or a sexually inactive male or female (see 
[1, 16, 23]). In these tests, in which the possibility for sexual 
interaction was excluded, females preferred the company of 
the male when they were in the proestrous or estrous phase 
of the cycle [6] or when they were ovariectomized and exog- 
enously treated with either Estradiol benzoate (EB) or Tes- 
tosterone propionate (TP) [2, 15, 17, 18]. Additional treat- 
ment with P, however, did not increase the female's prefer- 
ence to orient towards sexually active males (de Jonge, Eer- 
land and van de Poll, submitted). 

The absence of a stimulatory effect of P on sexual orien- 
tation was contradictory to a previous study on partner pref- 
erence of EB-treated female rats, which showed that prefer- 
ence for a sexually active male in favour of a sexually in- 
active male was additionally increased after treatment with P 
[5]. However, this latter test for partner preference included 
the possibility for the female to be sexually rewarded by the 
sexually active stimulus male. We therefore suggested that P 
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FIG. 1. Schematic representation of the Y-maze. Stimulus males 


and ovariectomized females are tethered to a string in the goal 
boxes. 


might be differentially involved in female appetitive sexual 
behavior, dependent on whether or not the possibility of 
sexual interaction was available. This suggestion was made 
on base of the observation that (1) P given in addition to 
either EB or TP did not stimulate preference for a male in 
tests in which sexual interactions were not possible (de 
Jonge, Eerland and van de Poll, submitted), (2) P given in 
addition to EB additionally increased preference for a male 
in tests in which sexual reward was available [5] and (3) 
treatment with P was shown to stimulate the female’s initia- 
tive to engage in sexual interactions in several previous 
studies [7, 24, 25]. 

Appetitive sexual behavior in female rats has been 
studied using a variety of paradigms. In partner preference 
tests, the possibility of sexual interactions were included in 
some, and excluded in others. Such differences in testing 
procedures might explain differences in results from investi- 
gations studying the influence of hormones on this measure 
of the female’s appetitive sexual behavior. The present ex- 
periment was therefore designed to investigate the role of P 
in the female’s appetitive sexual behavior as measured in a 
test which includes the possibility of sexual reward as op- 
posed to one which excludes the possibility of sexual re- 
ward. Female rats treated with either OIL, EB, TP, EB+P 
or TP+P were tested for partner preference using either a 
test in which sexual interactions were not possible (“‘sexual 
orientation’’) or a test which included the possibility of sex- 
ual reward (“‘sexually rewarded choice behavior’’). Doses of 
EB, TP and P were selected on the basis of previous obser- 
vations, such that receptivity, proceptivity and sexual orien- 
tation were sufficiently stimulated ({7], de Jonge, Burger and 
van de Poll, submitted; de Jonge, Eerland and van de Poll, 
submitted). Effects of P were investigated in TP-treated, as 
well as EB-treated females, since previous investigations 
indicated that androgens in particular affected appetitive as- 
pects of female rat sexual behavior [1, 2, 15]. Since sexual 
interactions with males may have aversive aspects when 
females cannot pace their sexual contacts [12,22], stimulus 
males and females were tethered in the tests which included 
sexual reward, so that the experimental females could con- 
tro! the course of sexual interaction. 
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SEXUAL ORIENTATION TOWARDS MALES AND FEMALES 
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FIG. 2. Sexual orientation of female rats which are treated with 
various hormones and tested in the semi-open field (tests without 
sexual reward). Sexual orientation towards males and females has 
been presented as the mean percentage of time (+standard error of 
the mean) spent near incentives. Asterisks indicate significant 
differences in time spent near the male as opposed to the female 
incentive. *p<0.05, **p<0.01. 


SEXUALLY REWARDED CHOICES IN A Y-MAZE 
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FIG. 3. Sexually rewarded choices of females which are treated with 
various hormones and tested in the Y-maze. The mean percentage of 
total (20) trials (+standard errors of the mean) in which females 
chose a male, a female or no incentive is presented. Asterisks indi- 
cate significant differences in the percentage of trials in which the 
male was chosen as opposed to those in which the female was cho- 
sen. ***p<0.001. 


METHOD 
Animals and Hormone Treatment 


Female Wistar rats (n= 167; 180-200 gram) obtained from 
the animal supply house of TNO (Zeist, the Netherlands) 
were ovariectomized under fentanyl anesthesia (hypnorm 
0.1 ml/rat, 0.02%) on arrival at the laboratory and left undis- 
turbed for two weeks before experimentation. They were 
housed in macrolon cages containing 6 animals per cage 
under a reversed dark-light cycle (lights off: 2.30 a.m.—2.30 
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TABLE 1 
SEXUAL INTERACTIONS WITH THE STIMULUS MALE 





Female Behavior 


run proceptive 
duration behavior 
Seconds REL% 


trials to a 
male ABS% 


Male Behavior 
lordosis 
behavior 

REL% 


mounts 
REL% 


introm. ejac. 
REL% FR 





36.6 
36.3 
71.3t 
47.1 
72.0 


88.71 
116.66 
59.99* 
54.68* 
53.06* 


0.00 
16.95 
71.32t 

3.43 
51.45+ 


0.00 13.99 
13.42 8.31 
50.027 24.68 

5.88 38.80* 
31.437 52.147 


0.00 
3.33 
17.927 
2.50 

7.507 


0.00 
0.33 
2.58* 
0.42 
0.42* 





Percentage of trials in which the male was chosen (ABS%), mean run duration to the stimulus male 
(seconds) and measures of the sexual interaction with the stimulus male in the goal box. The relative 
percentage of trials (REL%) in which various sexual behaviors occurred is presented. The relative 
percentage of trials refers to the percentage of total ‘‘trials to a male.’ Symbols indicate significant 
differences as compared to OIL (Mann-Whitney U-tests). *p<0.05, tp<0.01. 


p.m.) Food and water were available ad lib. Five groups of 
ovariectomized female rats were tested for sexual orienta- 
tion in a ‘‘semi-open field cage”’ in which sexual interactions 
were not possible. Females of these groups were 
intramuscularly injected 48 hours prior to testing with either 
OIL (oleum arachidis, 0.1 ml/rat), EB (Estradiol benzoate, 8 
pg/rat) or TP (Testosterone propionate, 500 yg/rat). In addi- 
tion, EB-treated or TP-treated females received a sub- 
cutaneous injection with either OIL or 200 wg P 


(Progesterone) 4 hours prior to testing [7]. Females receiving 


OIL for 48 hours prior to testing received an additional sub- 
cutaneous injection with OIL 4 hours prior to testing. The 
five groups of females were therefore treated with OIL+ 
OIL (OIL; n=32), EB+OIL (EB; n=24), EB+P (n=12), 
TP+OIL (TP; n=24) or with TP+P (n=15). Another five 
groups of females were similarly treated, but they were 
tested in a Y-maze in which sexually rewarded choice behav- 
ior could be investigated. These groups of females consisted 
of 12 animals each. Ovariectomized stimulus females and 
stimulus males of proven sexual vigor were used as incen- 
tives during semi-open field and Y-maze tests. 


Tests for Sexual Orientation 


These tests were run in semi-open field cages [2,17] con- 
sisting of an open field arena (80x 80x35 cm) with two small 
boxes (15x 12x12 cm) positioned opposite to each other, in 
which stimulus animals could be placed. A gauze partition 
separated these animals and the experimental animal, allow- 
ing both animals to see and smell each other without physical 
contact. Small areas (25x25 cm) in front of the stimulus 
compartments were balanced upon microswitches which ac- 
tivated electronic counters to record frequencies and dura- 
tion of visits of the experimental animals to the stimulus 
animals. In the present experiment the two stimulus animals 
were always a sexually active male and an ovariectomized 
female. The relative position of these incentives was ran- 
domly varied between subjects to correct for possible posi- 
tion effects. Prior to actually testing, experimental females 
were allowed to adapt to the empty semi-open field during 15 
minutes on two consecutive days. Tests lasted 15 minutes 
and were started by placing a female in the middle of the 


semi-open field. After each test the apparatus was thor- 
oughly cleaned. 


Tests for Sexually Rewarded Choice Behavior 


These tests were run in a Y-maze, whic consisted of a 
Start box (3763 cm), a run way (53 cm) and two goal boxes 
(51x25 cm). At the end of the two goal boxes, an intact 
stimulus male and an ovariectomized stimulus female were 
tethered by a cotton harness attached to a string. A schema- 
tic representation of the Y-maze is presented in Fig. 1. 

Each female was allowed to explore the Y-maze for 15 
minutes in the presence of an intact stimulus male and an 
ovariectomized stimulus female on two consecutive days be- 
fore testing, in order to familiarize the experimental and 
stimulus animals with the situation. On these days, the 
stimulus animals were separated from the experimental 
female by a wire mesh in order to preclude behavioral in- 
teractions. 

Before each test, the intact stimulus male in the goal cage 
was exposed to an intensely receptive female in order to 
confirm and stimulate sexual vigor. In order to subject the 
stimulus animals to the same procedures, the stimulus 
female was exposed to a receptive female as well. The exper- 
imental female was then placed in the Y-maze with one goal 
box closed. After one minute of exploration, this goal box 
was opened and the experimental female was allowed to ex- 
plore for another minute, but now the entrance of the second 
goal box was closed (pre-trials). The pre-trials were run in 
order to familiarize the female with the geographic position 
of the stimulus animals. During the pre-trials, all experi- 
mental females were mounted by the stimulus male at least 
once. Directly after the pre-trials, the test started. Each test 
consisted of 20 trials. Each trial started by placing the exper- 
imental female in the start box. She was allowed to run, 
choose and interact with one of the stimulus animals during 
one minute. After one minute had elapsed, the experimental 
female was removed from the Y-maze and left undisturbed in 
a separate cage during the next minute, until the next trial 
started. During each trial, it was normally scored whether 
the female entered the goal box of the stimulus male 
(‘‘choice for a male’’), the goal box of the ovariectomized 





FEMALE SEXUAL BEHAVIOR IN THE Y-MAZE 
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FIG. 4. Mean lordosis quotients (+standard error of the mean) of 
females which are tested for sexually rewarded choice behavior in 
the Y-maze. Lordosis quotients are based on sexual interactions in 
the goal box of the stimulus male. Lordosis quotient = (total number 
of lordoses/total number of mounts) x 100%. 


stimulus female (“‘choice for a female’) or whether she did 
not enter either one of the goal boxes (“‘no choice’). Run 
duration from start box to goal box was registered for éach 
trial. In addition, the following behaviors of the experimental 
females in the goal boxes were scored: 

Proceptive behavior. Females were designated procep- 
tive on each trial in which either *‘presenting,”’ ‘“hopping,”” 
‘darting’ or earwiggling was observed [14]. 

Lordosis. The female assumes a posture with an arched 
back and elevated head and back. 

Mounting. The female mounts the stimulus animal from 
the rear. 

Aggression. Any aggressive acts such as lateral threaten- 
ing, fighting or upright approach, directed to the stimulus 
animal. 

In addition to the behavior of the experimental female, 
mounts, intromissions and ejaculations of the stimulus males 
were scored. The ovariectomized stimulus females never 
showed these behaviors. 


RESULTS 
Semi-Open Field Tests 


Sexual orientation in the semi-open field test is presented 
as the percentage of testing time spent in the vicinity of the 
male, respectively the female stimulus animal (see Fig. 2). 

Whether females spent more time in the vicinity of males 
as opposed to females, was analysed by t-tests for correlated 
samples [21]. These analyses showed that OlL-treated 
females spent an equal amount of time in the vicinity of the 
male as in the vicinity of the female stimulus animal (f= 1.23, 
p>0.23). In contrast, females treated with EB (*=3.50, 
p<0.01), with EB+P (¢=3.62, p<0.01), with TP (t=2.73, 
p<90.05) or with TP+P (t=3.64, p<0.01, all spent more time 
in the vicinity of males than in the vicinity of females. In 
order to investigate whether P augmented the EB- or TP- 
induced male-directed orientation of female rats, inter group 
comparisons of the female’s male-directed orientation (cal- 
culated as the time spent near males subtracted by the time 
spent near females) were made by f-tests for independent 
samples. The male-directed orientation of EB+P-treated 
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females did not differ from that of EB-treated females 
(t=1.16, p>0.25). Neither did the male-directed orientation 
of TP+P-treated females differ from that of the TP-treated 
females (t=0.35, p>0.73). 


Y-Maze Tests 


Sexually rewarded choices for stimulus animals were in- 
vestigated in the Y-maze. The mean percentage of trials in 
which the female chose a male, a female, or no incentive is 
presented in Fig. 3 for the various hormonal treatments of 
the experimental female. 

Whether the experimental females chose the male in a 
higher percentage of trials than they chose the ovariectomized 
female, was analysed by a f-test for correlated samples. 
Females did not choose the male more often than the female 
when they were either OIL- (t=1.92, p>0.1), EB- (¢=0.62, 
p>0.54) or TP-treated (¢=0.27, p>0.793). However, females 
chose the male in a higher percentage of trials than the 
female when they were treated with EB+P (r=6.80, 
p<0.001) and when they were treated with TP+P (r=5.84, 
p<0.001). Comparison of preference behavior (calculated as 
the percentage of trials with a choice for a male subtracted 
by the percentage of trials with a choice for a female) be- 
tween the different hormonal conditions (t-tests for inde- 
pendent samples), indicated that EB+P- and TP+P-treated 
females showed a significant increase in preference for a 
male as compared to all other hormonal conditions (¢>3.13, 
p<0.005). Preference behavior of EB+P- and TP+P-treated 
females did not differ (¢=0.24, p>0.81). OIL-, EB- and TP- 
treated females also did not differ in preference behavior 
(t<0.95, p>0.36). 

OIL- and EB-treated females showed a higher percentage 
of trials with no choice than females of the three other treat- 
ment groups (f>2.62, p<0.05).In addition, it was found that 
TP-treated females showed a lower percentage of trials with 
no choice than the EB+P-treated females (t=4.05, p<0.001). 
Other between group comparisons on trials with no choice 
were not significant. 


Analysis of Behavior in the Goal Boxes 


In trials in which the experimental female chose the 
ovariectomized female incentive, the two females were so- 
cially interacting, but sexual or aggressive behaviors were 
never observed. In the goal box of the stimulus male, sexual 
interactions frequently occurred, but mounting of the exper- 
imental female or aggression was never observed. In Table 1, 
the relative percentages of trials (i.e., the percentage of the 
total number of *‘trials to a male’’) in which the experimental 
female showed proceptive or lordosis behavior and the rela- 
tive percentage of trials in which the male showed mounts or 
intromissions, is presented. In addition, mean run duration 
to the goal box of the male incentive (latency from the start 
box to the goal box in seconds), number of ejaculations (fre- 
quency) and percentage of trials (ABS%) in which the male 
was chosen, is presented for the 5 hormonal conditions. 

Due to variance, statistical analysis of treatment effects 
(as compared to OlL-treatment) had to be calculated by 
nonparametric statistics (Mann-Whitney U-test) [20]). Signif- 
icant effects are indicated by asterisks in Table 1. The results 
indicate that an increase in choices for a male in EB+P- and 
TP+P-treated females, was accompanied by a decrease in 
run duration towards the male, an increase in female 
proceptive and lordosis behavior and an increase in male 
mounts, intromissions and ejaculations. TP-treated females 
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did not show a significant increase in choices for a male, but, 
as an exception, these females showed a shorter run duration 
towards males than OIL-treated females, and male mounting 
also occurred more frequently when females were treated 
with TP. 

Female sexual behavior in the goal box of the male was 
further calculated as the lordosis quotient (lordosis quotient 
= (total number of lordoses/total number of mounts) x 
100%). Lordosis quotients of females in the goal box of the 
male are presented in Fig. 4 for the 5 different treatment 
groups. Nonparametric statistics (Mann-Whitney U-tests for 
comparisons between independent samples) indicated that 
EB-, EB+P- and TP+P-treated females showed higher lor- 
dosis quotients than OIL-treated controls, (U<2.5, p<0.01). 
TP-treated females did not differ from OlIL-controls, 
(U=25.0, p>0.5). Treatment with P stimulated lordosis be- 
havior in TP-treated, (U=14.0, p<0.01), but not in EB- 
treated females (U=13.0, p>0.17). EB+P-treated females 
showed higher lordosis quotients than TP+ P-treated females 
(U=9.0, p<0.001). EB-treated females also showed higher 
lordosis quotients than TP-treated females (U=1.0, p<0.01). 


DISCUSSION 


In the present experiment, the female’s preference for 
sexually active males in favour of ovariectomized females 
was investigated, using either a test without sexual reward 
(‘‘sexual orientation’’) or a test with sexual reward (*‘sexu- 
ally rewarded choice behavior’’). In accordance with previ- 
ous results [2, 15, 17, 18], it was shown that EB- or TP- 
treated females show a male-directed orientation. When 
sexually rewarded choice behavior was investigated, EB- or 
TP-treated females did not choose the male more often than 
the female. OIL-treated females did not show a preference 
for a male, whether sexual reward was available or not. The 
experiment was further designed to investigate whether P, 
given in addition to EB or TP, might be specifically involved 
in the female’s appetitive sexual behavior by increasing the 
reinforcement of interaction with males. The present results 
support this hypothesis. When EB- or TP-primed female rats 
were additionally treated with P, their sexually rewarded 
choices for a male were significantly increased. Sexual orien- 
tation in contrast, was not affected by treatment with P. 

The results on sexual orientation (without sexual reward) 
are in accordance with previous studies indicating that 
females show a male-directed orientation when treated with 
either EB or TP [2, 15, 17, 18]. It was also shown that treat- 
ment with P does not additionally increase the male-directed 
orientation in such females (de Jonge, Eerland and van de 
Poll, submitted). It could be argued that the already present 
male-directed orientation in female rats which are treated 
with EB or TP, is difficult to be further increased by 
P-injections, thus prohibiting the observation of a further 
facilitation. However, it was shown that treatment with P also 
did not affect sexual orientation in females which were 
primed with a lower dose of EB (1 yg/rat), which did not 
induce a male-directed orientation (de Jonge, Eerland and 
van de Poll, submitted). The data therefore strongly suggest 
that P exerts its influence on the female’s appetitive sexual 
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behavior only when interaction with a male is possible and/or 
when sexual reward is obtainable. 

Although it is clear that hormones differentially affect the 
female’s orientation in a test with as opposed to a test with- 
out the possibility of sexual reward, it is not clear from the 
present results, which aspect of the interaction with the male 
is rewarding. Although the male’s mounting, intromission, 
and/or ejaculatory behavior has been reported to reinforce 
female rats [9,11], it is also possible, that just the opportunity 
for the female to engage in intense proceptive behaviors or to 
show lordosis is rewarding for the female. 

Sexually rewarded choices for a male were not shown to 
increase after treatment with EB or TP, unless P was given in 
addition. Such a stimulatory effect of P was previously re- 
ported [5]. Several other studies however, did report a 
stimulatory effect of EB or TP without P-treatment on sexu- 
ally rewarded choices for a male [1, 5, 15, 17]. However, in 
these studies, hormones were injected during several days 
and/or in higher doses than in the present experiment. Ap- 
parently, chronic treatment or high doses of EB or TP do 
affect sexual reinforcement of copulation and P is not an 
absolute prerequisite. P on the other hand, was also shown 
to stimulate preference for a male in a runway choice method 
without sexual reward, when injected in high doses (1 
mg/animal) [13]. 

Since the specific involvement of P in sexually rewarded 
choice behavior is, apparently, restricted to the condition 
that the females are primed with threshold doses of EB or 
TP, the question arises whether the present results have 
physiological significance for aspects of appetitive sexual 
behavior in gonadally intact female rats. In naturally cycling 
females, levels of estrogen and testosterone reach peak value 
at proestrous, while levels of progesterone peak during es- 
trous at the time of maximal receptivity [4,19]. Sexual orien- 
tation towards males was observed both in proestrous and in 
estrous females, thus suggesting that increased levels of 
progesterone in the intact female are not necessary for the 
induction of a male-directed orientation [6]. Systematic in- 
vestigations on sexually rewarded choice behavior during 
the estrous cycle have, however, not been published thus 
far. It has been shown that sexual activity can reinforce 
female rats to run for a male during estrous, when levels of 
lordosis behavior are maximal, but not during diestrous 
[9,10]. The available evidence therefore suggests that also in 
intact female rats, P plays a role in sexually rewarded behav- 
ior. Whether endogenous levels of testosterone in the intact 
female rat also contribute to appetitive sexual behavior in the 
intact female, remains to be investigated. 
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STARZEC, J. J. AND D. F. BERGER. Effects of stress and ovariectomy on the plasma cholesterol, serum triglyceride, 
and aortic cholesterol levels of female rats. PHYSIOL BEHAV 37(1) 99-104, 1986.—Female Sprague-Dawley rats were 
either ovariectomized or sham-operated prior to puberty. As adults, they were maintained on a cholesterol-supplemented 
diet and subjected to either predictable, controllable shock; unpredictable, uncontrollable shock; or no shock for 30 days 
(51-min daily sessions). Sham-operated rats had higher plasma cholesterol levels than ovariectomized rats, but neither 
group showed an effect of stress treatments. For both groups, serum triglyceride and aortic cholesterol levels were lower in 
stressed than nonstressed rats. Additionally, the ovariectomized rats had higher levels of serum triglycerides than sham- 


operated controls. 


Stress Ovariectomy Cholesterol Rats 


WHEN male rats are fed a cholesterol-supplemented diet 
and are exposed to stress through leverpress avoidance 
conditioning and a shock-yoked-control procedure a consis- 
tent pattern of results emerges with regard to lipid levels. 
Stressed animals show higher levels of blood cholesterol 
than nonstressed controls [5,20], but lower levels of serum 
triglycerides and aortic cholesterol [20,21]. These stress ef- 
fects have yet to be demonstrated in female rats. It is possi- 
ble that a different pattern of results might emerge for 
females due to gender differences in the endocrine system. 
Indeed, endocrine glands and hormones have been found to 
play a role in lipid mobilization in rats [12,22]. 

Estrogens are believed to be influential in lipid metabo- 
lism and have been associated with changes in the serum 
cholesterol levels of rats [11, 26, 27, 28]. Presumably, choles- 
terol is important for the gender-specific metabolic functions 
of female rats. However, modifying ovarian estrogen secre- 
tion (through ovariectomy, OVX) has had varied effects on 
levels of circulating cholesterol. For example, Fillios [11] 
found that when rats were fed lab chow, OVX females 
showed higher serum cholesterol levels than intact females 
which were higher than males. But, on a diet supplemented 
by 5% cholesterol and 59% sucrose for 28 days, the serum 
cholesterol levels of the OVX rats were intermediate be- 
tween those of intact females and males, with the intact 
females showing the highest values. Fillios argued that the 
greater cholesterol levels found in the female rats than in 
males were primarily due to estrogen. He suggested that 
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greater synthesis of lipids might be necessary for the female 
to meet metabolic requirements. Whereas, Van Lenten and 
Roheim [28] confirmed the OVX versus intact-female finding 
of Fillios for animals on lab chow, other researchers using 
cholesterol- or sucrose-supplemented diets found no effect 
of OVX on blood cholesterol levels [1,8]. These studies, 
however, differed from the Fillios study in strain of rats 
used, type of diet, and in their failure to equate OVX rats and 
controls with regard to food intake. 

Ovariectomizing female rats has been shown to increase 
amount eaten and result in greater body weight gain as com- 
pared to intact controls [16, 29, 30]. Since blood cholesterol 
levels in rats are affected by amount of a cholesterol- 
supplemented diet eaten [5], it is necessary to control for 
food intake in order to assess the effects of OVX independ- 
ent of amount eaten. 

Regarding serum triglycerides, levels of OVX rats have 
been found to be greater than those of sham-operated con- 
trols [28]. This parallels a gender difference in triglycerides, 
with male rats showing higher levels than female rats [3, 19, 
27]. Reaven [19] found that the gender effect was apparently 
due to a greater efficiency in removal of triglycerides from 
the plasma of female rats. Although OVX seems to affect 
blood levels of lipids, there are no studies relating to its 
effect on aortic cholesterol. 

The purpose of the present study was to test the gener- 
ality of our previous stress findings across gender and to 
determine the effect of ovariectomy on lipid levels and stress 
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response. Adult intact (sham-operated) or OVX female rats 
that had the surgery prior to puberty were subjected to either 
' predictable, controllable shock; unpredictable, uncontrolla- 
ble shock; or no shock (handling only) for 30 days following 
15 days on a 1% cholesterol diet alone. Rats in both hor- 
monal conditions were maintained on the diet and equated in 
dietary intake throughout the stress procedure. 


METHOD 
Subjects 


Subjects were 52 female Sprague-Dawley rats from 10 
litters born in the laboratory at SUNY-Cortland. Litters re- 
mained undisturbed until weaning at 22 days of age. At wean- 
ing, the animals were housed in individual cages and were 
maintained under a 12 hr light/dark cycle until 75 days of age 
when they were kept under constant light for the remainder 
of the experiment. Exposing female rats to continuous light 
disrupts the normal vaginal cyclicity and pattern of release of 
hormones. Estrogen is secreted constantly, resulting in pro- 
longed vaginal cornification [13, 15, 25]. The vaginal smears 
of about 80% of such animals have been found to show es- 
trous phases (proestrus, estrus, or metestrus) compared to the 
40-50% usually found [31]. An additional effect of the con- 
tinuous light is to eliminate the circadian rhythm in food 
intake [24]. 


Apparatus 


Six operant conditioning chambers were used, four 
BRS-Foringer series 900 operant conditioning boxes, and 
two BRS/LVE model 143 Skinner boxes. The BRS-Foringer 
boxes were each 362429 cm, and two of the boxes con- 
tained disc-shaped levers. In order to attenuate external 
sounds, each box was contained in an outer chamber that had 
a ventilating fan. The two boxes with levers each had a warn- 
ing signal and a safety signal. The warning signal was a 
1000-Hz tone provided by a BRS-Foringer AU-902 audio- 
generator. The tone raised the 72-dB noise level from the 
ventilating fan to 79 dB (SPL). The safety signal for these 
boxes came from pulsing 28 V DC at | Hz through two 14-V 
(GE 1893) bulbs wired in series. The bulbs were located over 
the center of the conditioning chambers on the ceiling of the 
outer box. Grid shocks, for all four boxes, came from BRS- 
Foringer SC-901 shock scramblers and were generated by 
BRS-Foringer SG-901 current sources. Shock pulses were 
0.5 sec in duration, and shock intensity measured across 
adjacent grid bars was 2 mA. General illumination in each 
chamber was provided by a 28-V (GE 1820) cue light, located 
13 cm above the grid floor on the wall of the inner chamber. 
The cue light was operated at 20 V AC from an isolated 
source. 

The two BRS/LVE boxes were each 30.5x24x27 cm. 
One of these boxes contained a paddle-shaped lever, 3 cm 
wide. These boxes were also enclosed in sound attenuating 
chambers with ventilating fans. The warning signal in the 
box with the lever was the same as for the BRS-Foringer 
boxes. The safety signal was provided by pulsing a single 
28-V (GE 1820) bulb, located at the top of the lever panel. 
Grid shocks of the same duration and intensity as the BRS- 
Foringer boxes came from BRS/LVE SG-903 current 
generators through BRS/LVE SC-922 shock scramblers. 


Procedure 


At 35 days of age, the animals were randomly assigned to 
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two groups, with each litter represented equally. One group 
was ovariectomized at 35—40 days of age (OVX group), using 
a standard surgical technique under ether anesthesia [9]. The 
other group was subjected to a similar surgical procedure, 
but their ovaries were left intact (SHAM group). 

At 75 days of age, the 52 animals were started on a 
cholesterol-supplemented diet consisting of 1% cholesterol, 
10% olive oil, and 89% powdered Purina Rodent Laboratory 
Chow by weight [14]. They remained on this diet for the 
duration of the experiment. At 75 days of age, the two initial 
groups were also randomly assigned to three stress treatment 
subgroups. The groups formed a 2x3 factorial design, with 
the factors being Hormonal Condition (OVX vs. SHAM), 
and Stress Treatment (predictable, controllable shock, vs. 
unpredictable, uncontrollable shock, vs. no shock). Nine 
animals were assigned to each shocked group, and eight to 
each no-shock group. The SHAM rats that received shocks 
were allowed free access to the diet since other research [16, 
29, 30] had indicated that SHAM animals would eat less than 
OVX animals, and our previous work [5] had shown that 
stressed rats would eat less than nonstressed rats. Therefore, 
the stressed intact rats should consume the least amount of 
the diet. All other animals were fed the mean previous daily 
amount eaten by these animals to control for variations in 
food intake. Water was always available. 

At 89 days of age, the animals in the stressed groups were 
each placed in an experimental chamber with only the house 
lights and the ventilating fan operating for 51-min of explora- 
tion. On the following day, the stress procedure began. The 
latter involved leverpress escape/avoidance conditioning [4] 
over 30 days (5l-min daily sessions). For the two groups 
receiving predictable, controllable shocks (Experimental 
Groups, E), each trial began with the presentation of the 
warning signal. If at the end of 10 sec, no avoidance lever 
press occurred, the animal received a 0.5-sec shock pulse 
through the grid floor. Shock pulses continued on a variable- 
interval 60-sec schedule until a lever press did occur. On 
each trial, a lever press during the warning signal, but prior 
to the first shock pulse, was classified as an avoidance re- 
sponse; a press following one or more shock pulses was 
classified as an escape response. A lever press terminated 
the warning signal and the shock pusles if they had been 
initiated, and started a 5-min safe period accompanied by the 
flashing-light safety signal. The 5l-min daily sessions 
allowed for a maximum of 10 trials per day, but the actual 
number of daily trials depended upon the animal's re- 
sponses. The rats receiving unpredictable, uncontrollable 
shocks (Yoked Control Groups, Y) were each paired with a 
rat in their appropriate E group. The shock sources for each 
pair were cued together, so that both rats received the same 
pattern, duration, and number of grid shocks during each 
daily session. The conditioning parameters used have been 
found to produce low levels of avoidance responding [4]. 
They were deliberately chosen to insure that the animals in 
Group E would continue to receive some grid shocks 
throughout the 30 sessions, rather than learn to avoid 
shocks. This procedure would also insure that the yoked 
animals (which had neither predictability nor controllability) 
would continue to receive aversive stimulation throughout 
the procedure. The no-shock animals (Diet-Alone Groups, 
D) were only handled each day. The handling was similar to 
that experienced by the shocked groups. The stress proce- 
dure was essentially the same as reported in our previous 
work [20,21]. The procedure was arranged so that a repre- 
sentative from each group was run (and sampled) during 
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TABLE 1 


MEAN TERMINAL BODY WEIGHTS (IN g) OF ANIMALS IN THE 
SIX GROUPS* 





Stress Treatments 
Hormonal 


Condition Experimental Yoked-Control Diet-Alone 





OVX 287.80 + 7.35 


(n=9) 


286.70 + 7.29 
(n=9) 


254.88 + 6.01 
(n=9) 


325.33 + 5.73 
(n=8) 
SHAM 241.75 + 5.68 


(n=9) 


241.71 + 9.42 
(n=8) 





*Values are means + SEMs. 


every hour throughout each session in an effort to balance 
any differences possibly associated with circadian rhythms. 

Prior to the final stress session, all animals were weighed 
and vaginal smears were taken to determine each animal's 
estrous phase. At the end of the final stress session, animals 
were removed from the chambers in random order. Each rat 
was immediately carried into an adjoining room, decapi- 
tated, and the trunk blood was collected. This procedure was 
also followed for the Group D animals, except that they were 
removed from their home cages. Trunk blood was collected 
in two tubes for each animal, one heparinized and the other 
unheparinized. Plasma and serum were separated by cen- 
trifugation and frozen for later analysis. A sample of each 
rat's aorta, which included the aortic arch, thoracic, and 
abdominal portions was removed and stripped mechanically 
of adhering tissue. Aorta samples were frozen for later 
analysis. Levels of plasma cholesterol and aortic cholesterol 
were determined by colorimetric analysis [32]. Serum tri- 
glyceride levels were determined using Dade Tri-Con Tri- 
glyceride Reagents (Dade Diagnostics, Inc.). 


RESULTS 
Body Weights 


Animals were weighed at the time of surgery (35—40 days 
of age), upon assignment to stress treatments and the initia- 
tion of the 1% cholesterol diet (75 days of age), on the 1Sth 
day of the diet (89 days of age), and on the day of blood 
sampling (120 days of age). At the time of surgery, OVX rats 
did not differ in body weight from SHAM rats (mean 
weights +SEMs=115.07+2.73 g, and 113.83+2.06 g, respec- 
tively, 1(50)=0.32, p>0.05). Upon assignment to stress 
treatments and beginning of the 1% cholesterol diet, a 23 
analysis of variance was performed on the body weights of 
the animals in the six groups (two Hormonal Conditions x 
three Stress Treatments). This analysis yielded only a main 
effect of hormonal condition, F(1,46)=58.44, p<0.001. The 
OVX rats (mean weight =254.59+5.47 g) weighed more than 
the SHAM rats (mean weight=200.74+3.63 g). A similar 
analysis of the body weights on the 15th day of the 1% cho- 
lesterol diet showed the same effect, F(1,46)=117.18, 
p<0.001. The OVX animals weighed more than the SHAM 
animals (means=290.93+4.18 g, and 227.39+4.28 g, respec- 
tively). The same 23 analysis of variance of terminal body 
weights revealed a main effect of hormonal condition, 
F(1,46)=77.08, p<0.001; a main effect of stress treatment, 
F(2,46)=3.25, p<0.05; and a significant Hormonal Condition 
x Stress Treatment interaction, F(2,46)=6.35, p<0.01. The 
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OVX rats (mean=299.07+5.16 g) weighed more than the 
SHAM rats (mean=246.30+4.27 g). Group E rats (mean 
weight =267.33+7.22 g) did not differ in terminal body 
weight from Group Y rats (mean=272.56+6.12 g, p>0.05, 
Newman-Keuls). However, both groups (E and Y) weighed 
less than Group D rats (mean=288.75+7.57 g, ps<0.05, 
Newman-Keuls). The mean terminal body weights for the 
two Hormonal Condition x three Stress Treatments are pre- 
sented in Table 1. A Newman-Keuls follow-up test compar- 
ing the interaction means indicated that within each stress 
treatment (E, Y, and D), OVX rats weighed more than 
SHAM rats, ps<0.01. Further, stressed OVX groups (E and 
Y) each weighed significantly less than Group D, ps<0.01. 
However, SHAM animals in each of the three stress treat- 
ments did not differ in body weight, ps>0.05. 

Weight gains for animals in the six groups were compared 
for the two time periods—surgery until the beginning of the 
cholesterol diet (all animals feeding ad lib on lab chow during 
this period), and initiation of the diet until the end of the 
experiment (OVX on a restricted amount of the 1% choles- 
terol diet). A 2X3x2 mixed analysis of variance was per- 
formed (Hormonal Condition x Stress Treatment x Time 
Period). The analysis yielded a main effect of hormonal 
condition, F(1,46)=62.43, p<0.001; a main effect of time 
period, F(1,46)= 109.54, p<0.001; and a Hormonal Condition 
x Time Period interaction, F(1,46)=16.65, »<0.001. The 
OVX rats (mean=92.00+7.48 g) showed a greater overall 
weight gain than SHAM rats (mean=66.24+3.96 g). Weight 
gain during the initial period (mean=116.25+5.17 g) ex- 
ceeded that during the second time period (mean=44.96 
+3.43 g). The follow-up test on the interaction revealed 
that during the first time period the OVX animals (mean= 
139.52+5.75 g) gained more weight than the SHAM ani- 
mals (mean=86.91+4.08 g), p<0.01, but during the sec- 
ond time period the OVX rats (mean=44.48+5.76 g) and the 
SHAM rats (mean=45.57+2.92 g) gained an equivalent 
amount, p>0.05. Both groups showed a smaller increase in 
weight during the second time period as compared to the 
first, ps<0.01. 


Food Intake 


A 2x3 analysis of variance was computed on the amount 
of diet eaten from the time of assignment to experimental 
stress treatments (75 days of age) until the beginning of the 
stress procedure (90 days of age). No significant effects were 
evident (mean amount eaten=14.35+0.12 g per day). A simi- 
lar analysis on the amount eaten during the days of the stress 
procedure (90 days of age to 120 days of age) also yielded no 
differences between groups (mean amount eaten= 13.36 
+0.09 g per day). 


Behavioral Data 


The percentage of avoidance responses did not differ in 
the two E groups, /(16)=0.19, p>0.05. Mean percentage of 
avoidance responses was 25.09+7.15 for the SHAM animals, 
and 23.25+5.56 for the OVX animals. The animals in the 
two conditions also did not differ in number of shocks re- 
ceived over the course of the experiment (means per 
day = 13.13+1.21 for the SHAM rats, and 12.58+1.87 for the 
OVX rats), 7(16)=0.76, p>0.05. The number of shocks re- 
ceived on the last day of testing were 9.75 + 0.97 for the 
SHAM rats, and 9.30+1.11 for the OVX rats, 1(16)=0.28, 
p>0.05. 





TABLE 2 





Stress Treatments 
Hormonal 


Condition Experimental Yoked-Control Diet-Alone 





a. Mean Levels of Serum Triglycerides (mg/dl) 
for Rats in the Six Groups* 


59.95 + 6.85 
(n=9) 
52.45 + 6.52 
(n=9) 


54.37 + 8.22 
(n=9) 


38.41 + 3.57 
(n=9) 


96.91 + 5.37 
(n=8) 


80.16 + 7.90 
(n=8) 
b. Mean Levels of Aortic Cholesterol (mg/g aorta) 
for Stress Treatments* 


1.47 + 0.03 
(n= 18) 


1.47 + 0.03 
(n= 18) 


1.56 + 0.03 
(n= 16) 





*Values are means + SEMs. 


Vaginal Smears 


Examination of vaginal smears verified that none of the 
OVX rats showed estrous phases. Examination of the 


smears for the SHAM animals indicated that 85% (22 of 26) 
of the animals showed estrous phases (16 were estrus, 6 were 
metestrus). For Group E, 8 of 9 rats were in the estrous 
phases of the cycle, for Group Y, 7 of 9 rats, and for Group 
D, 7 of 8 rats. A Chi-Square comparison of these distribu- 
tions indicated that they were not different, x7(2)=0.50, 


p>0.05. 


Plasma Cholesterol 


Plasma cholesterol values (and all other blood and tissue 
data) were subjected to a 23 analysis of variance. The 
Newman-Keuls test was used when necessary to compare 
treatment means. The analysis of variance for plasma choles- 
terol levels yielded only a main effect of hormonal condition, 
F(1,46)=11.64, p<0.01. Mean levels of plasma cholesterol 
were 117.98+8.53 mg/dl for the SHAM group and 
87.22+3.66 mg/dl for the OVX group. 


Serum Triglycerides 


Table 2a displays mean levels of serum triglycerides for 
the six groups. The analysis of serum triglyceride levels indi- 
cated a main effect of hormonal condition, F(1,46)=5.84, 
p<0.05, and a main effect of stress treatment, F(2,46)= 
21.06, p<0.001. The serum triglyceride level of the OVX 
group (mean=69.50+5.16 mg/dl) was greater than that of 
the SHAM group (mean=56.00+4.84 mg/dl). The E and Y 
group rats did not differ in serum triglyceride levels 
(means=47.28+4.95 mg/dl, and 56.62+4.60 mg/dl, respec- 
tively), p>0.05, but the level of each was lower than that of 
the Group D rats (mean=89.58+4.77 mg/dl), ps<0.01. 


Aortic Cholesterol 


The analysis for aortic cholesterol levels yielded a main 
effect of stress treatment, F(2,46)=3.33, p<0.05. Mean 
levels of aortic cholesterol for animals in the three stress 
treatments are presented in Table 2b. The aortic cholesterol 
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levels of the stressed groups (E and Y) did not differ, how- 
ever, each was lower than the level of Group D, ps<0.05. 


DISCUSSION 


The finding that for rats on a cholesterol-supplemented 
diet SHAM females had higher levels of plasma cholesterol 
than OVX females in consistent with the work of Fillios [11], 
but at variance with the findings of other researchers [1,8]. 
An important similarity between the present study and the 
Fillios study is that food intake was equated for both groups 
of rats. This was not true of the studies finding no differences 
between SHAM and OVX rats. Since OVX rats tend to eat 
more than intact rats [16, 29, 30], and blood cholesterol 
levels are affected by total amount of a cholesterol- 
supplemented diet consumed [5], feeding such groups ad lib 
may obscure any effect of OVX on blood cholesterol levels. 
The finding that changing the animal’s hormonal state 
through gonadectomy results in changes in blood cholesterol 
levels independent of differences in food intake suggests an 
interaction between the gonadal system and lipid levels. 

In contrast to our work with male rats [5,20], females in 
neither condition showed an effect of stress treatments on 
cholesterol levels. While the magnitude of the difference in 
plasma cholesterol levels between stressed and nonstressed 
SHAM females (mean difference =20.96 mg/dl) was, in fact, 
numerically greater than evident in our most recent similar 
study with males [20], (mean difference=12.09 mg/dl), the 
SHAM females showed much greater variability than had the 
males (SEMs for stressed and nonstressed females were 
11.63 and 5.39 mg/dl, respectively; for stressed and 
nonstressed males, they were 3.09 and 1.87 mg/dl, respec- 
tively). These results taken as a whole indicate that with 
regard to blood cholesterol levels, the female rats did not 
respond to stress reliably as was the case for males in our 
previous work [5,20]. 

This may in part be a dietary effect. Female rats appear to 
be more sensitive to the effects of a _ cholesterol- 
supplemented diet than are male rats [11], showing greater 
increases in blood cholesterol levels to the same diet. 
Likewise, intact females show much greater variability in 
response to a cholesterol supplemented diet than do males or 
OVX females [11]. Inspection of the data suggested that 
some of the variability in the levels of the females might be 
accounted for by the relatively low values of the four females 
in diestrus (mean=79.88+4.40 mg/dl), compared to females 
in the estrous phases (mean= 123.92+8.57 mg/dl). In fact, the 
mean for the diestrus females was significantly lower than 
that for females in the estrous phases, 1(24)=2.15, p<0.05. 
However, a reanalysis of the data, reducing the variability 
and decreasing the n by eliminating the four animals not in an 
estrous phase, led to the same finding as previously, the only 
effect being that of hormonal condition, F(1,42)=18.32, 
p<0.001. 

The post hoc finding that the diestrus females differed in 
cholesterol levels from females in an estrous phase has im- 
portant implications for contro! in studies looking at choles- 
terol levels in female rats. In the present study, females on a 
1% cholesterol diet were kept in constant light in an attempt 
to keep as many as possible in the estrous phases of the cycle. 
Under light/dark conditions, only approximately 40-50% of 
females should have been in estrous phases [31]. Apparently, 
the magnitude of blood cholesterol differences between 
OVX and intact females, or between males and intact 
females should vary depending on the number of intact 
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females in an estrous phase versus diestrus. Although it has 
previously been noted that lipid levels vary during the 
menstrual cycle of human subjects [18], studies looking at rat 
levels of cholesterol have failed to consider the estrous cycle 
as an influential variable [1, 8, 11, 28]. 

The decreased cholesterol level of the OVX rats and the 
complete absence of any apparent stress response in the 
OVX rats suggests that a severe reduction in blood choles- 
terol levels obliterates the cholesterol response to stress. 
This parallels the effect we found in males that were allowed 
to exercise following stress [20]. Exercise reduced choles- 
terol levels and eliminated the cholesterol response to stress 
although other stress responses such as decreases in serum 
triglyceride and aortic cholesterol levels were still present. 

Several researchers have shown that under physiological 
conditions rats use circulating cholesterol as a substrate for 
ovarian steroid production [2, 6, 7]. Therefore, it is tempting 
to argue that the higher cholesterol level in the SHAM rats is 
related to increased need for circulating cholesterol because 
of the elevated estrogen levels associated with estrous phas- 
es. However, since the increased cholesterol levels of the 
SHAM rats seem to reflect a sensitivity to the diet, and since 
studies in which rats are on a lab chow diet [11,28] show that 
OVX < rats have higher cholesterol levels than intact females the 
present results are in all likelihood a reflection of an interac- 
tion of diet with ovarian steroids rather than simply an effect 
of the presence of ovarian steroids alone. Indeed, studies of 
estrogen effects on cholesterol levels indicate that the rat's 
response to estrogen might be modified by the rat's diet 
(10,11). 

Serum triglycerides and aortic cholesterol levels showed 
a stress treatment effect identical to that found in male rats 
[5,20]. Stressed rats had lower levels of serum triglycerides 
and aortic cholesterol than nonstressed rats. We have previ- 
ously discussed possible explanations for these effects in- 
volving the #<\ion of enzymes that catabolize serum trigly- 
cerides 2i1d aortic cholesterol (see [5,20]). The finding that the 
OVX rats had higher levels of serum triglycerides than 
SHAM controls provides additional evidence for an interac- 
tion between the gonadal system and lipid levels. This tri- 
glyceride effect may be due to the greater rate of removal of 
triglycerides from the plasma of intact females [19,27]. The 
rate is apparently affected by the presence of estrogens 
and/or the integrity of the female gonadal system. 

While OVX affected plasma cholesterol and serum tri- 
glyceride levels, it had no effect on levels of aortic choles- 
terol. This finding is consistent with recent work on the ac- 
tivity of an enzyme that catabolizes cholesterol in the aorta, 
aortic cholesterol esterase [26]. Although activity of this 
enzyme has been found to be higher in the aortas of female 
rats as compared to male rats, OVX either pre- or 
postpubertal does not affect its activity [26]. Further, across 
various treatments, aortic cholesterol esterase activity was 
not found to vary with serum cholesterol levels. Tomita and 
his coworkers [26] suggested that lipid metabolism in the 
aorta might be under hypophyseal control. Whether 
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metabolic activity of the animal is male or female may be 
determined by the effect of neonatal androgen on the basic 
regulatory functioning of the hypothalamus and pituitary. 
Therefore, unlike circulating cholesterol and serum triglycer- 
ides, aortic cholesterol is not affected by ovariectomy. 

Another finding of interest was that although the OVX 
rats showed a greater weight gain than SHAM rats from the 
time of surgery until the beginning of the cholesterol- 
supplemented diet, when the dietary intake was equated for 
the remainder of the experiment, both groups gained equiv- 
alent amounts. With regard to terminal body weights, SHAM 
rats did not vary according to stress treatment, however, the 
OVX-E and -Y rats weighed less than the OVX-D rats. The 
pattern of differences found in the OVX females is the same 
as we have previously noted in five experiments with male 
rats using the same experimental procedure [5, 20, 21]. For 
terminal body weights, the OVX rats seemed to show the 
**male’’ pattern, while the SHAM females differed from 
each. 

The lack of an effect of stress on the body weights of the 
SHAM rats also parallels findings on the effects of forced 
exercise on body weights of female rats [3,17]. While male 
rats show a decrease in body weight as a result of exercise, 
female rats show no change. This finding occurs whether or 
not female food intake changes as a result of exercise. Con- 
sidering that forced exercise may have some effects similar 
to those of stress [20,23], the above results may reflect a 
similar cause. The OVX-SHAM difference in the present 
study might be explained in terms of differences in energy 
expenditure due to differences in body mass [3]. The OVX 
rats may have used more energy during activity in the exper- 
imental chambers than the SHAM females because of 
greater size and weight of the OVX females. 

In summary, the main findings of the present study were 
that females showed the same triglyceride and aortic choles- 
terol stress effects as have been noted in males of the same 
strain run under similar experimental conditions [20,21]. 
However, in contrast to males, they did not show a signifi- 
cant increase in blood cholesterol in response to stress. 
Whereas OVX affected levels of circulating lipids (plasma 
cholesterol, serum triglycerides), no effect was evident on 
levels of aortic cholesterol. These various effects could not 
be attributed to differences in food intake, body weight, 
number of shock received, or avoidance performance of the 
two groups of rats. 
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SCHMIDT, I., A. BARONE AND H. J. CARLISLE. Diurnal cycle of core temperature in huddling, week-old rat pups. 
PHYSIOL BEHAV 37(1) 105-109, 1986.—Lean Zucker rat pups were reared at 25°C on four staggered 12:12 light:dark 
cycles with lights on at 0100, 0700, 1300 or 1900 hr. Core temperature (Tc) of 5- to 8-day-old pups was measured repeatedly 
at the rearing temperature of 25°C between 0700 and 1900 hr using a procedure that minimally interfered with spontaneous 
nursing cycles and huddling of the pups. Tc of litters measured 30 to 60 min after the mother spontaneously left the nest was 
low and variable (32.2-35.4°C) during the first few hours after lights-on, but was uniformly high and much less variable 
(35.5-36.5°C) around the time of lights-off. Pup Tc was phase-advanced to the nocturnal elevation of maternal Tc, and 
lagged several hours behind the diurnal elevation of nursing activity. Cyclic variations in Tc of pups huddling in the nest 
thus reflect a diurnal rhythm in the ability and/or drive for body temperature defense that is independent of heat derived 


from the mother during nursing. 


Diurnal rhythm Thermoregulation Rat 


NEWBORN rats have been widely regarded as incapable of 
maintaining a stable core temperature unless protected by 
the warmth of their nursing mothers [12, 17, 18]. High rates 
of heat loss cause these small unfurred animals to rapidly 
become hypothermic when isolated at room temperature 
even though the pups can more than double their heat pro- 
duction when exposed to cold stresses which do not over- 
whelm their metabolic capacity [4,25]. The significance of 
this autonomic thermoregulatory response for the mainte- 
nance of homeostasis is newborn pups is apparent only when 
considered along with their well-developed thermoregula- 
tory behavior [21]. Thermoregulatory huddling allows a litter 
of pups to reduce their surface to volume ratio, thus greatly 
assissting core temperature defense in the absence of the 
mother [2]. Dams spend only the first two postnatal days in 
nearly constant contact with their litters, but then leave the 
nest unattended for extended periods [1, 7, 16]. After the 
first few postnatal days, the ability of pups to regulate their 
own body temperature therefore becomes increasingly im- 
portant. 

Most physiological and behavioral rhythms are not overt- 
ly expressed in the young rat until the third postnatal week 
when pups move out of the nest and become less dependent 
on maternal feeding [8]. There is clear evidence that some 
enzyme and hormone rhythms such as pineal N-acetyl trans- 
ferase and corticosterone are entrained by prenatal influ- 
ences, even though postnatal influences of a nursing mother 
can be superimposed to varying degrees [13, 20, 24]. In 
suckling Zucker rats huddling at 25°C in the absence of the 
dam, we observed a striking difference between morning and 





Nursing 


Newborn 


afternoon measurements of core temperatures [22]. The 
present study examines the relationship between maternal 
temperature, nursing activity, and the diurnal changes in 
core temperature defense of week-old pups. 


METHOD 
Animals 


Lean pups from phenotypically normal (Fa/—) Zucker 
rats were retrospectively identified at 5 weeks of age. Litters 
with an average size of 11 pups (range 7 to 13) were tested. 


Apparatus 


The experimental apparatus resembled that described by 
Croskerry et al. Pups were reared at 25°C in small nest boxes 
which were fitted into commercial plastic breeding tubs 
(45 x25x21 cm) with an inserted wire-mesh floor. Food and 
water were available to the dam only outside the nest box. 
Nest boxes were balanced on a fulcrum so as to activate an 
event recorder whenever the dam was on the nest. The size of 
these nest boxes (13x 13 cm) ensured contact with the pups 
whenever the mother was in the nest box; nipple attachment 
usually occurred within seconds, so that the recorded nest 
time is essentially equivalent to nursing time [7]. 


Procedure 


After mating, dams were assigned to one of four groups 
maintained on a 12:12 light:dark cycle with lights-on at 0100, 
0700, 1300 or 1900 hr. These staggered light schedules were 
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FIG. 1. Core temperatures of 9 lean Zucker rat pups (mean+SEM) 
huddling on days 2 through 14 at their rearing temperature of 25°C. 
Temperatures were measured after the mother had spontaneously 
left the nest during the last 3 hr before lights-off (closed symbols) or 
during the first 3 hr after lights-on (open symbols). 


used to readily assess circadian fluctuations in core tempera- 
tures, while counterbalancing disturbing effects that might 
result from variations in environmental factors other than the 
light schedule. Core temperature measurements and animal 
maintenance were performed at varying times between 0700 
and 1900 hr, and measuring and caretaking during the dark 
phase were carried out in dim red light. 

To minimize disturbances associated with core tempera- 
ture measurements, the frequency of visits to the colony 
during gestation and lactation was increased to an extent that 
produced habituation. During the first 4 postnatal days, 
dams and pups were adapted to the measuring procedures. 
Though pups were frequently handled, they were never 
separated from each other for more than a min. Dams were 
only separated from the pups after they spontaneously left 
the nest. Upon return to the breeding cage, dams reestab- 
lished litter contact with 5 min and usually remained on the 
nest for a nursing bout of at least 10 min. 


Temperature Measurements 


Core temperatures were measured on postnatal days 5 
through 8 in 3 or 4 daily sessions begun by removing the dam 
from her breeding tub after she had spontaneously left the 
nest box for 20 min after nursing for at least 10 of the preced- 
ing 30 min. Core temperature of the dam was measured with 
a thermistor probe inserted 6 cm beyond the anal sphinctor 
less than 30 sec after her removal from the breeding tub, and 
core temperature measurements of the huddling pups were 
started 10 min later. Within 10 sec of removing a pup from 
the center of the huddle, minimally disturbing littermates, 
deep body temperature was recorded from a flexible 1-mm 
diameter thermocouple probe inserted 2.5 cm beyond the 
anal sphinctor. Insertion depth was chosen so that the meas- 
ured temperature did not change when the insertion depth 
varied by 2 mm. The pup was then marked and returned, 
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FIG. 2. Double plot of 24-hr cycles for 5- to 8-day-old litters: top, 
pup core temperature; middle, dam core temperature; lower, 
mother-litter contact time. Black bars indicate dark phase. For each 
consecutive 2-hr period (I-XII) means+SEM are shown: top, from 
8-12 measuring sessions in 4~7 litters; middle, from 10-16 measure- 
ments in dams from at least 6 litters; lower, from the 4 light 
schedules shown in Fig. 3. 


within 30 sec of its removal, to the edge of the huddle. After 
each pup had been measured, this measuring cycle was re- 
peated 2 more times at 10 min intervals. The litter was then 
rejoined with its mother for at least 2 hr before a new measur- 
ing session was begun. 

In a few cases pup core temperatures were measured 
throughout the first two weeks of life with a similar tech- 
nique. In these pilot studies insertion depth of the ther- 
mocouple probe was increased from 1.8 cm in I-day-old pups 
to 3.0 cm in 14-day-old pups [22]. In litters up to about 12 
days of age this measuring procedure was minimally disrup- 
tive of huddling activity and replaced pups immediately 
began to push back into the huddle. This process closely 
mimics the spontaneous turnover in huddling pups in which 
the centripetal movement of pups at the outside of the huddle 
often causes pups at the center to roll out of the cluster, from 
whence they immediately begin pushing their way back 
towards the center. After eye-openig and the enhancement 
of motor activity at the end of the second week, however, 
this procedure disrupts normal huddling activity and no 
longer provides a reliable measurement of resting body tem- 
perature. 


Evaluation 


Data were summarized in 2-hr time zones, with zone I 
representing the first 2 hr of the light phase and zone XII the 
last 2 hr of the dark phase. Mean values for litters were 
calculated from the individual core temperature measure- 
ments. For each of the 12 time zones of the day, mean values 
from 8-12 measuring sessions throughout days 5-8 were 
evaluated in 4~7 litters. As pilot studies had shown that the 
variation between repeated measurements within a litter 
throughout these 4 days, as well as interlitter variation, was 
small in comparison with the diurnal fluctuations [22], data 
from days 5 through 8 were pooled in this study. Maternal Tc 





DIURNAL TEMPERATURE CYCLE IN RAT PUPS 








24 HOURS 


FIG. 3. Double plot of 24-hr cycles of mother-litter contact time in 5- 
to 8-day-old litters. Mean values from eight to ten 24-hr records of 
3—4 litters are shown for each of the four staggered 12:12 light:dark 
cycles. Contact time for each litter was expressed as a fraction of the 
value in the 2-hr period of each day during which the longest contact 
time was recorded for each litter. Black bars indicate dark phase. 


was evaluated from 10-16 measuring sessions in dams from 
at least 6 litters for each of the 12 time zones. As nursing 
activity varies strongly with age of pups and littersize [1,17], 


mother-litter contact time was expressed as a fraction of the 
value in the 2-hr zone of each day during which the greatest 
contact time was recorded for each litter. A total of 36 daily 
records during days 5 through 8 from 3-4 litters on each of 
the 4 light schedules were evaluated. 


RESULTS 


When lean Zucker rat pups were maintained on a 0700- 
1900 hr light cycle, core temperatures of pups huddling at 
25°C in the absence of the dam during the first 2 postnatal 
weeks were consistently high during afternoons but, begin- 
ning on day 5, were markedly lower during mornings (Fig. 1). 

Because of the well-known rhythmicity of maternal body 
temperature and nursing activity [1,16], we simultaneously 
studied these parameters together with the diurnal core tem- 
perature fluctuations in 5- to 8-day-old litters reared on 
staggered 12:12 light:dark cycles. Core temperature of pups 
huddling on days 5 through 8 for 30 to 60 min in the absence 
of their mother showed a marked diurnal cycle with an am- 
plitude of about 2°C. To determine whether or not the 
measuring procedure influenced the phase setting of the cy- 
cle, separate plots of data from litters reared on the 4 over- 
lapping light schedules were made so that measurements oc- 
curred at different times of the day. As measurements ob- 
tained in the same time zone but from different light 
schedules did not show any systematic deviations, data from 
all light schedules have been pooled in Fig. 2 (top). Pups 
huddled closely throughout the day, but core temperatures 
were lowest during the first hours after lights-on and then 
rose steadily to a maximum of about 36°C shortly after 
lights-off. 

While individual core temperature measurements were 
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stable to within 0.1°C, peripheral cooling of pups during their 
removal from the huddle increased heat loss for the entire 
litter when pups were returned to the cluster. The difference 
between the first and third measurements is thus a measure 
of the ability of the huddling pups to compensate for in- 
creased heat loss. Shortly after lights-off core temperature 
decreased by only 0.2°C between the first and third meas- 
urements (30 and 60 min, respectively, after the dam had left 
the nest box), but shortly after lights-on, pup temperatures 
fell by more than 1°C between the first and third measure- 
ments. The effectiveness with which huddling pups can de- 
fend core temperature was further shown by 3 additional 
litters separated from their dams within 3 hr preceding 
lights-off. Without milk or heat supplied by the mother, 
mean core temperature of these litters declined from 
36.1+0.2 (SEM) after 0.5 hr to only 35.8+0.4°C after 4 hr. In 
contrast, core temperature of 9 litters measured within the 
first 2 hr after lights on was 35.2+0.1°C after 0.5 hr and 
decreased further to 33.9+0.2°C after | hr. 

The diurnal fluctuations of pup core temperature are out 
of phase with the diurnal cycle of maternal core temperature 
measured 20 min after the dam spontaneously left the nest 
and 10 min before pup core temperature measurements were 
started (Fig. 2, middle). 

As in continuous recordings from undisturbed Wistar rats 
[16], core temperatures of our Zucker rat dams increased 
shortly before lights-off (i.e., several hours after pup core 
temperature began to rise) and remained high throughout the 
dark phase while pup core temperatures started to decrease. 
Evaluations of nest times from 14 litters showed that dams 
spent an average 321+24 (SEM) min with their pups during 
each light phase of days 5 through 8, but only 199+15 min 
during each dark phase. Records of nest time from each of 
the four staggered light schedules, which had temperature 
measuring sessions occurring in different phases of the light 
cycle, were first evaluated separately to control for possible 
disturbances of nursing activity due to the temperature 
measuring sessions (Fig. 3). Nest time was uniformly high 
during the first 10 hr of the light phase and invariably fell of 
sharply during the 2 hr before lights-off. Nest time during the 
dark phase showed large variation, but was always lower than 
during the first 10 hr of the light phase and invariably fell off 
light schedules are shown in Fig. 2 (bottom). As in Wistar 
rats [17], nest time for these Zucker rats was 180° out of 
phase with the cycle of maternal core temperature. Nest time 
was therefore also out of phase with the core temperature 
cycle of pups. Nest time approached its minimum around the 
time of lights-off, as pup core temperature approached its 
maximum, and nest time was high throughout the first 4 hr 
after lights-on, when pup core temperatures were lowest. 


DISCUSSION 


This study clearly shows that huddling week-old lean 
Zucker rat pups display diurnal changes of core temperature 
that are independent of the immediate effects of maternal 
contact and nursing. From day 5 onward core temperatures 
in huddling pups are markedly lower at the beginning of the 
light phase than they are at the end, but it is not yet known 
whether the phase angle observed in 5- to 8-day-old pups 
remains unchanged during the next weeks of life, nor when 
the transition to the adult pattern of nocturnal temperature 
elevation occurs. Though the measurements reported here 
were made exclusively in pups huddling under normal rear- 
ing conditions (i.e., the pups were able to simultaneously 
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employ behavioral and autonomic thermoregulation), con- 
tinuous recordings of core temperature in individually re- 
strained 5- to 7-day-old pups at moderately low ambient 
temperatures also showed that core temperatures were 
higher at the end of the light phase than at the beginning 
(unpublished results). 

The diurnal rhythmicity of core temperature defense may 
have contributed to the common belief that newborn rats are 
poor thermoregulators. Assuming that rat colonies are usu- 
ally maintained with a light schedule similar to ambient day- 
light hours and that experiments are often begun in the first 
half of a normal working day, many studies are likely to have 
underestimated the thermoregulatory abilities of suckling 
rats and to have overestimated interlitter variability. 
Analysis of data reported here, plus earlier measurements, 
showed that mean core temperature of week-old pups varied 
between 32.2 and 35.4°C (23 measurements in 12 litters) 
within 2 hr after lights-on, but only between 35.5 and 36.5°C 
within 2 hr before or after lights-off (31 measurements in 12 
litters). During the first few hours after light-on cold defense 
is poor, but 5- to 8-day-old pups huddling at their rearing 
temperature of 25°C are able to defend core temperatures 
close to 36°C for 4 hr around the time of lights-off. Because 
dams at this ambient temperature spend only 45% of the light 
phase and 28% of the dark phase in contact with their litters 
[20], the thermoregulatory capabilities of the pups them- 
selves are of critical importance for maintenance of their 
thermal homeostasis. Dams spend more time on the nest at 
lower ambient temperatures [17], but even in litters reared at 
18°C, pups are left unattended for 20% of the light phase and 
50% of the dark phase (unpublished results). 

The influence of circadian fluctuations in core tempera- 
ture defense of newborn rats is not restricted to studies of 
thermoregulatory functions. For example, body temperature 
influences ingestive behavior in rat pups [5,14], and a com- 
monly measured parameter in studies on the control of 
neonatal food intake, latency of attachment to the nipples of 
an anesthetized dam, is significantly longer in 5-day-old pups 
3 hr after lights-on than 3 hr after lights-off [11]. The diurnal 
changes of body temperature suggest interesting new in- 
terpretations of such observations. 

We can only speculate about the origins of the diurnal 
cycle in the ability and/or drive of the newborn rat to defend 
core temperature. This cycle occurs in litters containing only 
lean pups as well as in mixed litters containing lean and 
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preobese (fa/fa) pups [22], so it is unlikely to be related to the 
mutated allele in Zucker rats. That the only other reported 
diurnal variation of a thermoregulatory parameter in week- 
old rat pups was also observed in Zucker rats [19] is probably 
due to the special attention given to neonatal thermoregula- 
tion in this strain. Smith and Anderson [23] have reported 
motor activity in isolated week-old Long-Evans pups artifi- 
cially reared from the second postnatal day to be decreased 
shortly after lights-on. We have not observed any obvious 
circadian variations in closeness of huddling nor in the vigor 
with which pups reenter the huddle after measurement, but 
close to the time of lights-on pups removed from the center 
of the huddle had a strikingly low muscle tone. Possible 
causal relationships between changes in motor activity, 
muscle tone, autonomic thermogenesis and core temperature 
remain to be analyzed. Long-term effects on nutritional 
status caused by the cyclic nursing activity, which is roughly 
120° phase advanced to the cycle of body temperature in the 
pups, might influence the ability of the pups to produce heat 
[3]. Milk let-down, however, is not continuous throughout 
the period during which pups are attached to the nipples of 
their dam, and intake during milk-ejection is also markedly 
dependent on the active responses of the pups [6, 10, 15]. 
Thus, it is not surprising that the milk intake of 10-day-old 
Zucker rats did not show a diurnal rhythm [9]. Even if there 
are no circadian variations in the amount of food supplied to 
pups which might lead to their diurnal cycle of core tempera- 
ture regulation, this rhythmicity may result from some hor- 
monal factor with a cyclic presence in milk. But it should 
also be considered that the diurnal cycle of pup core tem- 
perature may be self-maintained (i.e., that it would continue 
after elimination of circadian patterns transmitted by nurs- 
ing). Further studies of the clear and easily measurable diur- 
nal cycle of body temperature in newborn pups can be ex- 
pected to increase understanding of the factors controlling 
neonatal behavior and mother-litter interactions, as well as 
the ontogeny of diurnal rhythmicity. 
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BAUM, M. J. AND S. A. TOBET. Effect of prenatal exposure to aromatase inhibitor, testosterone, or antiandrogen on 
the development of feminine sexual behavior in ferrets of both sexes. PHYSIOL BEHAV 37(1) 111-118, 
1986.—Experiments were conducted to assess the role of prenatal exposure of the brain to estrogen in controlling the 
development of proceptive and receptive feminine sexual behavior in ferrets of both sexes. Female ferrets, deprived 
prenatally of estrogen via maternal ovariectomy on gestational day 30 (42-day gestation) plus SC implantation of an 
aromatase inhibitor, 1,4,6-androstatriene-3,17-dione (ATD), into their mothers, were significantly less receptive than 
control females when tested in adulthood after ovariectomy and administration of low (5 and 10 uwg/kg) dosages of estradiol 
benzoate (EB). However, they were no less receptive than control females in response to a high (15 wg/kg) dosage of EB. 
Estrogen-deprived females showed EB-induced reductions in approach latencies to a stud male (proceptive responses) 
which were equivalent to those of control females. These results suggest that estrogenic stimulation of the female brain 
during fetal development enhances later receptive responsiveness to estradiol. However, prenatal estrogen appears not to 
be an absolute requirement for the development of receptive or proceptive coital capacity in females. In a previous study 
castrated male ferrets failed to show EB-induced reductions in the latency to approach a sexually active male, indicating 
that they were proceptively defeminized. In the present study females exposed prenatally to exogenous testosterone also 
failed to display significant EB-induced reductions in approach latencies to a sexually active male. Males deprived 
prenatally of estrogen ran faster to a stud male after adult administration of increasing dosages of EB. By contrast, control 
males as well as males exposed prenatally to androgen receptor antagonist, flutamide, displayed no EB-induced reduction 
in approach latencies. This suggests that in male ferrets prenatal neural aromatization of androgen to estrogen normally 
contributes to the process of proceptive defeminization. 

Aromatization 


Ferret Sexual differentiation 





IT is widely assumed that in female mammals perinatal ex- 
posure to estrogen is normally not required for the differ- 
entiation of brain mechanisms which later control neuroen- 
docrine and behavioral function. Although the majority of 
studies supports this view (reviewed in [2]), it has been 
suggested [11,24] that estrogen, of maternal, placental, or 
fetal origin, may actively ‘‘feminize’’ the developing female 
brain. Some supportive evidence exists. For example, expo- 
sure to estradiol promoted neurite outgrowth in cultured 
explants from female fetal mouse hypothalamus [24], and in 
female rats the volume of a sexually dimorphic nuclet:s of the 
preoptic area (which is normally greater in males than in 
females) was significantly reduced below that of control 
females by neonatal exposure to anti-estrogen [12]. In addi- 
tion, neonatal administration of estrogen to female rats, 





either systemically [16] or intrahypothalamically [9], aug- 
mented later lordotic responsiveness to ovarian hormones. 
Conversely, neonatal treatment of female rats [11] or ham- 
sters [15] with antiestrogens caused significant reductions in 
receptive responsiveness in adulthood. Finally, neonatal 
ovariectomy caused a later reduction in open field activity in 
female rats, an effect that was reversed by neonatal adminis- 
tration of estradiol (E,) [19]. Male and female ferrets nor- 
mally display equivalent levels of receptive coital behavior 
following gonadectomy and administration of estradiol ben- 
zoate (EB) in adulthood [5]. In a previous study [1] neonatal 
administration of an aromatase inhibitor, 1,4,6-an- 
drostatriene 3,17-dione (ATD) or the antiestrogen, CI-628, to 
male ferrets failed to reduce their later receptive responsive- 
ness to EB. However, considerable estrogenic stimulation is 
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sustained prenatally by both male and female ferrets [14, 18, 
21, 25]. We therefore assessed the effect of prenatal estrogen 
deprivation in female ferrets on both receptive and procep- 
tive responsiveness [8] to adult treatment with EB. 

As discussed already, Dohler [11] suggested that a mod- 
erate degree of perinatal estrogenic stimulation (charac- 
teristically sustained by females) actively feminizes coital 
potential. Much evidence (reviewed in [2]) shows, however, 
that in rodents estrogenic metabolites of testosterone (T) act 
perinatally to reduce the capacity for adult expression of 
feminine reproductive behaviors, and Dohler [11] has 
suggested that the developing male brain normally sustains 
sufficient estrogenic stimulation via neural aromatization of 
androgen to cause the defeminization of behavior. In ferrets 
several studies [3, 5, 6] have shown that receptive capacity is 
not normally defeminized in the male. On the other hand, 
recent data [7] suggest that postnatal exposure of the male 
ferret to testicular hormone promotes proceptive defemini- 
zation. In that study proceptive responsiveness was present 
in female ferrets ovariectomized on postnatal day 35, as re- 
flected by their dose-dependent reductions in approach 
latencies to a stud male following ovariectomy and injections 
of EB. No such evidence of proceptive responsiveness was 
obtained in males castrated on postnatal day 35, whereas 
approach latency profiles of other groups of males castrated 
on postnatal days 20 or 5 fell between the extremes of males 
and females gonadectomized on day 35. It is notable, how- 
ever, that the profile of EB-dependent approach latencies for 
males castrated on postnatal day 5 was not identical to that 
of control females. Furthermore, administration of different 
dosages of T to females over postnatal days 5—20 failed to 
cause even slight proceptive defeminization. These findings 
raise the possiblility that in male ferrets proceptive de- 
feminization is initiated by testicular androgen, or by es- 
trogenic metabolites of T formed in the brain well before 
postnatal day 5. Therefore, in the present study the ability of 
supraphysiological dosages of T, administered prenatally, to 
cause proceptive defeminization was assessed in females. In 
addition, the effect of prenatal deprivation of either es- 
trogenic or androgenic stimulation on later proceptive re- 
sponsiveness was studied in males. In each instance, the 
effects of these prenatal hormonal manipulations on recep- 
tive responsiveness and sexual attractivity were also as- 
sessed. 


METHOD 


Animals 


Pregnant ferrets were purchased from Marshall Breeding 
Farms (North Rose, NY). They arrived in the animal facility 
5-10 days prior to gestational day 30 (normal gestation=42 
days). Colony lights were on each day between 06.00 and 
22.00 hr. Pregnant and lactating females plus their litters 
were housed individually in rabbit cages, each containing a 
nestbox filled with excelsior bedding. All ferrets were fed a 
moist mixture of Purina cat chow and canned liver each 
morning; water was always available. Pregnant ferrets 
were anesthetized using Ketaset (40 mg/kg) and ace- 
romazine (0.08 mg/kg) once on gestational day 30 in order 
to manipulate fetal endocrine mileu (details below) and 
again on gestational day 41 or 42 prior to Caesarian deliv- 
ery of all litters. After kits were delivered by Caesarian 
section, they were cleaned using warm physiological 
saline and placed on a heating pad. Body weights and 
ano-genital distances were recorded for all newborn kits, 
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prior to clipping toenails for the purpose of identification. 
After newborn kits had become behaviorally active on the 
heating pad, they were cross-fostered to lactating mothers 
which had given birth to their own litters 3-6 days previ- 
ously. At this time litter sizes were reduced to eight kits, 
with both sexes being represented in each litter. On 
postnatal day 5 each kit was anesthetized using ether, and its 
gonads were removed. This was done in order to minimize 
early postnatal effects of sex steroids in all kits. Pilot obser- 
vations suggested that gonadectomy at earlier postnatal ages 
led to an unacceptably high incidence of mortality. All kits 
were weaned when 6 weeks of age, and were then housed in 
groups of 2-4 animals of the same sex. All ferrets were in- 
jected with canine distemper vaccine at 8-10 weeks. 


Maternal Treatments 


Aromatase inhibitor. On gestational day 30 pregnant 
females were ovariectomized (N=11) or sham-operated 
(N=7) and implanted SC with one Silastic capsule (3.35 mm 
i.d. X 4.67 mm o.d. x 25 mm) containing progesterone. One 
group of ovariectomized females (N=4) was implanted SC 
with two Silastic capsules (1.47 mmi.d. x 1.96 mm o.d. x 50 
mm) containing the aromatase inhibitor  1,4,6-an- 
drostatriene-3,17-dione (ATD). Other research [20] had 
shown that maternal ovariectomy reduced circulating con- 
centrations of E, in fetal male and female ferrets while ma- 
ternal implantation of ATD caused nearly complete inhibition 
of aromatase activity in fetal hypothalamus + preoptic area. 
Other ovariectomized females were implanted with ATD 
plus either one 5 mg slow release pellet (Innovative Research 
of America) containing estradiol (N=4; high dose of E,) or 
one Silastic capsule (1.47 mm x 1.96 mm o.d. xX 23 mm) 
containing estradiol diluted 1:9 with cholesterol (N=3; low 
dose of E,). Finally, sham-ovariectomized females (N=7) 
received SC implants of 2 empty Silastic capsules. 

Anti androgen. Beginning on gestational day 30, pregnant 
ferrets were injected daily SC at 9.00 and 17.00 hr with 7.5 
mg of flutamide (kindly provided by Dr. R. Neri of the Scher- 
ing Co.) (N=4) or with propylene glycol vehicle (N=3). 
Three out of four of the flutamide-treated females delivered 
litters spontaneously on gestational days 39-41. Kits born on 
gestational day 39 (1 litter) all died shortly after birth. Kits 
born on gestational days 40 (1 litter) and 41 (1 litter) were left 
undisturbed for 24 hr prior to being cross-fostered. The 
mother which delivered on gestational day 40 received a 
single SC injection of flutamide (15 mg) shortly after she 
delivered whereas the other mothers received no injections 
after they delivered. 

Testosterone. On gestational day 30 pregnant ferrets were 
anesthetized with Ketaset and acepromazine and were im- 
planted SC with slow-release methylcellulose pellets (In- 
novative Research of America) containing T or no hormone 
(N=3). Groups of pregnant females received either a low 
dosage of T (N=3; two 50 mg pellets) or a high dosage of T 
(N=3; four 50 mg pellets). In a previous study [21] male and 
female fetuses delivered by Caesarian section on gestational 
day 41 had average plasma T concentrations of 3.1 and 7.1 
ng/ml when taken from mothers which received the low and 
the high dosages of exogenous T, respectively, whereas T 
concentrations in fetuses taken from control mothers aver- 
aged 1.3 ng/ml. 


Behavioral Tests 


Runway tests. Proceptivity was assessed using an 
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L-shaped runway in which the ferret being tested was 
allowed to approach a sexually active male restrained behind 
a wire mesh barrier in a goal box located 2.8 m from a start 
compartment. The mean latency to approach the stimulus 
male in response to a range of EB dosages was taken as an 
index of proceptivity [7]. Ferrets were given 5 trials in this 
apparatus on each test day. A trial began with an animal 
being placed into the start box prior. A guillotine door was 
then opened, thereby giving the animal access to the runway. 
The latency to approach the wire mesh door of the goal box 
was measured with a stopwatch. If an animal failed to ap- 
proach the goal box within 2 min, the trial was ended, and 
the animal was replaced in the start box for the next trial (a 
latency of 120 sec was recorded). After a ferret approached 
the goal box, the wire mesh door was raised and the stud 
male and the ferret being tested were allowed to interact for | 
min. During this time a record was kept of the number of 
neck grips displayed by the stud male towards the animal 
being tested and the incidence of receptive postures shown 
by the animal being tested in response to neck grips by the 
stud. The first number was taken as one index of ferrets’ 
sexual attractivity; the second served as an index of sexual 
receptivity [8]. 

Standard tests of receptivity. Additional tests of fer- 
rets’ receptive capacity were carried out separately 
from those described above. A stud male was placed in a 
cage (30 x 67 x 51 cm) with a Plexiglas front and a grid floor. 
Ferrets to be tested for receptivity were then placed individ- 
ually with the stud for 8 min. The cumulative time during 
which the male maintained a neck grip despite any resistance 
by the ferret being tested was recorded using an OS-3 event 
recorder (Observational Systems, Seattle, WA). An accep- 
tance quotient, defined as the percentage of time that the 
animal being tested displayed a limp, unresisting (receptive) 
posture in response to the stud’s neck grip, was calculated 
for each ferret. 


Adult Hormone Treatments and Behavioral Test Sequence 


Each ferret was tested twice in the L-shaped runway and 
received 2 standard tests of receptivity under each of a series 
of adult endocrine conditions. The two types of tests were 
given alternately over a 4-day period. Beginning when ferrets 
were approximately 20 weeks old, animals (which had all 
been gonadectomized on postnatal day 5) were given this 
battery of 4 behavioral tests. Animals then were given daily 
SC injections of EB (5 g/kg). Behavioral tests were given 
on days 8-11 of EB treatment. Hormone treatment was 
stopped for 4 days after the final test, whereupon the EB 
treatment and testing regimen was repeated using EB dos- 
ages of 10 followed by 15 wg/kg. After these tests, animals 
received no hormone for 10 days whereupon they received an 
additional series of tests without hormone priming. Data 
from the initial tests given prior to the initiation of EB treat- 
ment were not included in the statistical analyses, since 
these tests constituted the first exposure of the animals to the 
testing situations used. Therefore the behavior of animals 
displayed under the three dosages of EB was compared with 
that shown during the final series of tests given 10 days after 
cessation of EB treatment. 


Statistical Analysis 


Data were analyzed using a 2-way ANOVA (Group x EB 
dosage). Subsequent F tests for simple effects were used to 
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FIG. 1. Receptive behavior of female ferrets derived of mothers 
which were ovariectomized (Ovx) or sham-operated (Control) and 
implanted SC on gestational day 30 with a Silastic capsule containing 
progesterone in addition to capsules containing the aromatase in- 
hibitor, ATD, and a low dosage of estradiol (E,). Standard tests of 
sexual receptivity were conducted after daily injections of different 
dosages of estradiol benzoate (EB). Data are expressed as 
mean+SEM. 


determine which treatment groups had demonstrated statis- 
tically significant changes in behavior as a function of EB 
dosage. Two females in the low T group and one male whose 
mother had been ovariectomized and given ATD + the low 
dosage of E, were not testable under the 15 and 10 wg EB 
conditions, respectively, due to a urinary tract infection. 
Missing values for these three points were therefore esti- 
mated using the Yates Correction Routine for missing val- 
ues. 


RESULTS 
Prenatal Estrogen Deprivation in Females 


Standard receptivity test (Fig. 1). Females deprived pre- 
natally of estrogenic stimulation via maternal ovariectomy 
plus ATD treatment displayed lower acceptance quotients in 
response to the two lower dosages of EB than control 
females or females derived from ovariectomized mothers 
given ATD plus a low dosage of E, (Treatments, 
F(2,14)=4.31, p<0.05). It should be noted, however, that all 
three groups of ferrets displayed significant dose-dependent 
increments in acceptance quotients in response to EB (EB 
dose, F(3,42)= 169.27, p<0.01; all post hoc F tests significant 
at p<0.01). Inspection of Fig. 1 shows that all groups showed 
similar high levels of receptivity in response to the highest 
dosage of EB. 

Runway tests (Fig. 2). Females showed dose-dependent 
reductions in approach latencies to a sexually active male 
(EB dose, F(3,42)=17.73, p<0.01), regardless of treatment 
group, suggesting that proceptive responsiveness was 
equivalent in all three groups of females. The percentage of 
neck grips leading to the display of a receptive posture 
tended to be lower in estrogen-deprived females, although 
this effect failed to attain statistical significance (Treatment, 
F(2,14)=2.66, ns). All groups showed dose-dependent in- 
crements in this index of receptivity (EB dose, 
F(3,42)=78.75, p<0.01; all post hoc F tests  signi- 
cant at p<0.01). This pattern of results resembled that ob- 
tained (above) in standard tests of receptivity. Finally, there 
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FIG. 2. Proceptivity (latency to approach a stimulus male), recep- 
tivity (% male neck grips leading to receptive postures), and attrac- 
tivity (occurrance of neck grip by stimulus male) in female ferrets 
derived of mothers given different treatments over the last quarter of 
gestation (details in caption to Fig. 1). Ferrets were observed in an 
L-shaped runway with a sexually active male restrained in the goal 
box after daily injections of different dosages of EB. Data are ex- 
pressed as mean+SEM. 


was a significant effect of treatment group on the number of 
neck grips displayed/test, F(2,14)=3.83, p<0.05, suggesting 
that E.-deprived females were less attractive. 


Prenatal Testosterone Treatment in Females 


Runway tests (Fig. 3). Prenatal exposure to a high dosage 
of T eliminated the ability of female ferrets to display dose- 
dependent reductions in approach latencies in tests of 
proceptivity (Treatment, F(2,17)=6.02, p<0.01). The overall 
effect of EB dose was significant, F(3,51)=11.15, p<0.01); 
post hoc tests showed that significant (p<0.01) EB-induced 
changes in approach latencies occurred in control and low T 
females, but not in females exposed prenatally to a high dose 
of T. This latter dose-response profile of approach latency 
resembles that characteristically shown by male ferrets cas- 
trated on postnatal day 5 [7] (also see data from control 
males in Fig. 5). The percentage of neck grips resulting in 
receptivity was lower in females exposed to a high dosage of 
T (Interaction, F(6,51)=2.61, p<0.05). A significant overall 
effect of EB dose on this index of receptivity was observed 
(EB dose, F(3,51)=16.78, p<0.01); and post hoc tests 
showed that significant (p<0.01) effects of EB dose were 
obtained in control and low T females, but not in high T 
females. There was no significant effect of prenatal T treat- 
ment on the frequency of male neck grips. 

Standard receptivity tests (Fig. 4). In response to increas- 
ing dosages of EB, acceptance quotients were significantly 
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FIG. 3. Proceptivity (latency to approach a stimulus male), recep- 
tivity (% of male neck grips leading to receptive postures), and at- 
tractivity (occurrance of neck grip by stimulus male) in female fer- 
rets derived of mothers given either a high or low dosage of testos- 
terone over the last quarter of gestation. Ferrets were observed in an 
L-shaped runway with a sexually active male restrained in the goal 
box after daily injections of different dosages of EB. Data are ex- 
pressed as mean+SEM. 


reduced in females exposed prenatally to T (Interaction, 
F(6,51)=4.78, p<0.01). A significant overall effect of EB 
dosage on this index of receptivity was observed (EB dose, 
F(3,51)=23.4, p<0.01); and post hoc tests showed that sig- 
nificant (p<0.01) effects of EB dosage were obtained in con- 
trol and high T females but not in low T females. Taken 
together with the receptivity data collected in the runway 
tests (Fig. 3, above), it appears that females’ receptive re- 
sponsiveness to EB was reduced by prenatal exposure to 
exogenous T. 


Prenatal Estrogen Deprivation in Males 


Runway tests (Fig. 5). Prenatal deprivation of estrogenic 
stimulation enabled male ferrets to display dose-dependent 
reductions in approach latency to a stud male in response to 
adult EB treatment. The overall effect of EB dosage was 
significant, F(3,48)=8.79, p<0.01, and post hoc tests re- 
vealed significant effects of EB dosage in males derived of 
ovariectomized, ATD-treated as well as of ovariectomized 
mothers given ATD + a low dosage of estradiol. No such 
effect was obtained in control males, and prenatal exposure 
of a single surviving male to E, tended to blunt its ability to 
show dose-dependent, EB-induced changes in approach 
latencies when tested in adulthood. Prenatal estrogen ma- 
nipulations failed to affect the occurrence of receptive 
postures in response to males’ neck grip. Prenatal estrogen 
deprivation actually augmented males’ sexual attractivity, as 
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FIG. 4. Receptive behavior in female ferrets derived of mothers 
given either a high or a low dosage of testosterone over the last 
quarter of gestation. Standard tests of receptivity were conducted 
after daily injections of different dosages of EB. Data are expressed 
as mean+SEM. 


indexed by the frequency of neck grips displayed toward 
these males by stimulus animals (Treatment, F(2,16)=11.09, 
p<0.01). This effect was reversed in the one surviving male 
exposed prenatally to a high dosage of E, in addition to ATD. 

Standard receptivity tests (Fig. 6). There was no signifi- 
cant overall effect of prenatal estrogen manipulation on 
males’ EB-induced acceptance quotients. 


Prenatal Androgen Deprivation in Males 


Runway tests (Fig. 7). There was no dose-dependent ef- 
fect of EB on approach latencies in either flutamide-exposed 
or control males (EB dose, F(3,33)=1.62, ns). Likewise, 
there was no effect of prenatal flutamide exposure on males’ 
percentage of receptive responses to neck gripping by stud 
males; both groups of males displayed dose-dependent in- 
crements in this index of receptivity after EB treatment, 
F(3,33)=14.75, p<0.01). Prenatal exposure of males to 
flutamide did, however, reduce their later attractivity to 
males, in that studs displayed significantly fewer neck grips 
toward flutamide-exposed males (Treatment, F(1,11)=14.69, 
p<0.01). 

Standard receptivity tests (Fig. 8). There was no signifi- 
cant overall effect of prenatal flutamide exposure on males’ 
acceptance quotients after adult treatment with EB. 


DISCUSSION 


The present observation that prenatal estrogen depriva- 
tion reduced the later receptive responsiveness of female 
ferrets to estrogen corroborates the results of previous 
studies (see introduction) carried out with rats and hamsters, 
in which neonatal ovariectomy or anti estrogen treatments 
had statistically significant, inhibitory effects on later lordoic 
responsiveness to ovarian hormones. In ferrets, as in several 
other mammalian species, male and female brains are ex- 
posed during fetal development to a considerable amount of 
estrogenic stimulation. Thus. 5 days prior to expected par- 
turition plasma concentrations of E, were as high in both 
sexes as in adult, estrous females [13]. In the ferret no 
estrogen-binding, plasma protein has been detected perina- 
tally [6,18] which might otherwise sequester circulating es- 
trogen and prevent it from entering the brain. In addition to 
circulating estrogen, subcortical brain regions in fetal ferrets 
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FIG. 5. Proceptivity (latency to approach a stimulus male), recep- 
tivity (% of male neck grips leading to receptive postures), and at- 
tractivity (occurrance of neck grip by stimulus male) in male ferrets 
derived of mothers given different treatments over the last quarter of 
gestation (details given in caption to Fig. 1). Black dots represent 
data from one male derived of a mother which was ovariectomized 
and implanted on gestational day 30 with progesterone, ATD, and a 
high dosage of estradiol. Ferrets were observed in an L-shaped run- 
way with a sexually active male restrained in the goal box following 
daily injections of different dosages of EB. Data are expressed as 
mean+SEM. 
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FIG. 6. Receptive behavior in male ferrets derived of mothers given 
different treatments over the last quarter of gestation (details given 
in caption to Fig. 1). Black dots represent data from one male derived 
of a mother which was ovariectomized and implanted on gesta- 
tional day 30 with progesterone, ATD, and a high dosage of es- 
tradiol. Standard tests of receptivity were conducted after daily in- 
jections of different dosages of EB. Data are expressed as 
mean+SEM. 


of both sexes have the capacity to aromatize androgen to 
estrogen [21]. It seems likely, however, that neural tissues in 
the fetal male produce more estrogen than in the female: 
hypothalamic aromatase activity was significantly higher in 
male than in female ferrets both 8 and 5 days prior to birth 
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FIG. 7. Proceptivity (latency to approach a stimulus male), recep- 
tivity (% of male neck grips leading to receptive postures), and at- 
tractivity (occurrance of neck grip by stimulus male) in male ferrets 
derived of mothers injected SC 2x daily with flutamide or vehicle 
(control) beginning on gestational day 30. Ferrets were observed in 
an L-shaped runway with a sexually active male restrained in the 
goal box following daily injections of different dosages of EB. Data 
are expressed as mean+SEM. 


[21] while plasma levels of T were significantly higher in 
males than in females 5 days prior to birth [14]. Finally, 
receptors for E, have been isolated in cytosols of hypothal- 
mus + preoptic area taken from both male and female ferrets 
killed 5 days prior to expected parturition [18,25]. 

The present data suggest that estrogenic stimulation of 
the fetal brain enhances later receptive responsiveness to 
ovarian steroids. It must be emphasized, however, that al- 
though they sustained substantial prenatal inhibition of es- 
trogenic stimulation, female ferrets whose mothers had been 
ovariectomized and treated with ATD readily displayed re- 
ceptive, behavior at levels comparable to control females, 
provided a high dosage of EB was given at the time of test- 
ing. Also, male ferrets deprived prenatally of E, displayed 
receptive behavior at slightiy higher levels than control 
males. Likewise, in a previous study [1] neonatal adminis- 
tration of either ATD or the anti estrogen C1-628 to male 
ferrets failed significantly to influence their later receptive 
responsiveness to EB. Finally, the proceptive behavior of 
females deprived prenatally of estrogen was no different 
from that of control animals. These findings suggest that 
perinatal estrogenic stimulation is not an absolute require- 
ment for the development of receptive or proceptive coital 
capacity in ferrets of either sex. 

Prenatal exposure of female ferrets to a high dosage of T 
caused a significant degree of proceptive defeminization, 
evidenced by the elimination of EB-induced reductions in 
approach latencies to a stud male. This observation contrasts 
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FIG. 8. Receptive behavior in male ferrets derived of mothers in- 
jected SC 2x daily with flutamide of vehicle (control) beginning on 
gestational day 30. Standard tests of receptivity were conducted 
after daily injections of different dosages of EB. Data are expressed 
as mean+SEM. 


with the previous finding [7] that treatment of female ferrets 
with T over postnatal days 5-20 or 20-35 failed to interfere 
with the later expression of proceptive behavior. This 
suggests that in males testicular secretions initiate the proc- 
ess of proceptive defeminization during the last 11 days of 
gestation. It seems likely, however, that this process is sub- 
sequently completed by testicular hormones acting over an 
extended neonatal period, in so far as castration on postnatal 
day 5 significantly enhanced males’ proceptive responsive- 
ness to EB administered in adulthood [7]. The present find- 
ings also suggest that in males the defeminizing action of 
prenatal exposure to testicular hormone depends on the 
neural aromatization of androgen into estrogen: Males de- 
prived prenatally of estrogenic stimulation showed dose- 
dependent changes in approach latencies in response to EB. 
This effect was not reversed by exposure to the low re- 
placement dosage of E,, perhaps because this dosage of es- 
trogen failed to raise concentrations of E, in specific brain 
nuclei to the levels normally attained via local aromatization 
of T. Indeed, the single surviving male whose mother re- 
ceived ATD plus a high dosage of E, showed a typical mas- 
culine profile of proceptive responsiveness. The observation 
that prenatal treatment with flutamide failed to affect males’ 
proceptive responsiveness, even though it did significantly 
reduce males’ ano-genital distances [20], further supports 
the conclusion that estrogen, not androgen, promotes 
proceptive defeminization in male ferrets. In this respect the 
male ferret resembles the male rat, in which neonatal admin- 
istration of ATD facilitated the later display of proceptive 
behavior [10]. 

In male cats lesions of the preoptic area/anterior hypo- 
thalamus (POA/AH) augmented proceptive behavior [17], 
suggesting that neurons in this region may normally exert an 
inhibitory influence on the expression of proceptivity. Previ- 
ous work using ferrets [23] has demonstrated the existence of 
a nucleus in the dorsal portion of the POA/AH, which exists 
only in males. The presence of this nucleus may be a pre- 
requisite for the occurrence of proceptive defeminization in 
ferrets. Thus, females exposed prenatally to a high dosage of 
T in the present study possessed male-like dorsal nuclei of 
the POA/AH [22] and were defeminized proceptively. By 
contrast, males deprived prenatally of estrogen lacked a dor- 
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sal nucleus [22], and when tested after EB treatment in 
adulthood showed female-like approach latencies to a stud 
male (present study). Males exposed prenatally to flutamide 
possessed normal dorsal nuclei, and these males were 
proceptively defeminized. On the other hand, females ex- 
posed prenatally to a low dosage of exogenous T possessed a 
dorsal nucleus [22], yet they were not proceptively de- 
feminized (present study). This latter finding suggests that 
although the existence of a dorsal nucleus of the POA/AH 
may contribute to proceptive defeminization, it by itself does 
not insure that the process will occur. As pointed out earlier, 
it seems likely that in males early postnatal exposure to high 
circulating levels of T ({14], Erskine, Tobet and Baum, un- 
published findings) contributes to proceptive defeminization. 
Perhaps after Caesarian delivery sufficient T was retained in 
the circulation of females exposed prenatally to a high dos- 
age of T to complete the process of defeminization whereas 
this did not occur in females exposed to the low dosage of T. 
More research is needed to determine whether in fact the 
proceptive defeminization of male ferrets depends on the 
estrogenic organization of dorsal nuclei in the POA/AH, 
coupled with the subsequent neonatal action of T. 

As stated previously, male and female ferrets normally 
display equivalent levels of acceptance behavior in adult- 
hood after gonadectomy and EB treatment. In a series of 
studies [3, 6, 7] no evidence of receptive defeminization was 
obtained in female ferrets exposed neonatally to T. In the 
present study, however, females exposed prenatally to a 
high dosage of T showed a significant degree of receptive 
defeminization. Thus, contrary to previous speculation [2] 
the mechanism controlling receptive coital behavior in fer- 
rets can be at least partially defeminized by perinatal expo- 
sure to T. In male ferrets between gestational days 30 and 42 
plasma levels of T presumably are never sustained at as high 
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a level as that which was attained in the female fetuses 
whose mothers received the high dosage of T in the present 
study. As a consequence, receptive defeminization normally 
does not occur in the male ferret. 

In the present study both male and female ferrets dis- 
played a low but significant amount of receptive behavior in 
tests given in adulthood without concurrent treatment with 
EB. In several previous studies, using female as well as male 
ferrets [4, 5, 6], acceptance quotients of 0 were obtained 
after gonadectomy and no EB treatment. In other studies, 
however, acceptance quotients greater than 0 were meas- 
ured in male ferrets which had been castrated either after 
weaning [3] or on postnatal day 5 [7]. The explanation for 
this discrepancy is not obvious. It is noteworthy, however, 
that all ferrets used in the present study were derived from 
mothers which underwent either surgical procedures or re- 
ceived daily SC injections of propylene glycol beginning on 
gestational day 30. In addition, exogenous progesterone was 
given to some mothers. Prenatal stress has been found to 
enhance the lordotic responsiveness of male rats to ovarian 
hormones given after castration in adulthood [26]. In Ward’s 
work using rats, tests of receptive behavior were never given 
without concurrent treatment with ovarian hormones. Addi- 
tional studies using ferrets are needed in order systematically 
to assess the role of prenatal stress in affecting the devel- 
opment of both estrogen-dependent and hormone- 
independent feminine sexual behavior. 
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STEFFENS, A. B., J. VAN DER GUGTEN, J. GODEKE, P. G. M. LUITEN AND J. H. STRUBBE. Meal-induced 
increases in parasympathetic and sympathetic activity elicit simultaneous rises in plasma insulin and free fatty acids. 
PHYSIOL BEHAV 37(1) 119-122, 1986.—The aim of this study was to investigate sympathetic and parasympathetic 
activity during food intake in rats by measuring plasma norepinephrine (NE), epinephrine (E), insulin, free fatty acids 
(FFA), glycerol and blood glucose. Therefore male Wistar rats were implanted with silastic jugular vein cannulas so that 
blood could be withdrawn from freely moving animals. Blood samples were frequently taken before, during and after intake 
of a test meal. The effects of the blood sampling procedure on above mentioned blood compounds was also determined. 
Insulin increased considerably within the first minutes of food intake before a rise in blood glucose which is mediated by a 
vagal mechanism. An increase in plasma NE could be observed during the whole period of ingestive behavior whereas E 
increased considerably only in the first minute. Plasma FFA level was augmented sharply during food intake and a few 
minutes afterwards, whereas plasma glycerol levels did not change. After termination of food intake sympathetic activation 
disappeared and both plasma FFA and glycerol levels declined significantly below levels as observed in control rats. In 
contrast, plasma insulin and blood glucose increased considerably. It is concluded that food intake in rats causes a 
simultaneous increase in both sympathetic and parasympathetic activity and because of that a rise in plasma FFA and 
insulin respectively. It is argued that augmented sympathetic activity elicits a rise in plasma FFA levels, which is not 
mediated by increased lipolysis but by either decreased FFA utilization or reduced reesterification. 

Rat Meal related sympathetic activity Meal related parasympathetic activity 


Feeding FFA release 


THE aim of this study was to investigate the role of the 
parasympathetic and sympathetic system with regard to the 
regulation of glucose and free fatty acid levels during food 
intake in the rat. At present, it is well established that food 
intake elicits increased parasympathetic activity already in 
the first minute after meal onset. This was demonstrated in 
experiments in which food intake causes insulin release in 
the first minute after meal onset in rat [12,21] and dog [5]. 
This early insulin response (EIR) could be suppressed by 
either atropinization [21] or subdiaphragmatic vagotomy in 
the rat [12] and by vagotomy in the dog [5]. Some indications 
in literature present evidence that food intake increases also 
sympathetic activity concomitantly with increased parasym- 
pathetic activity. Food intake leads to an early glucagon re- 





sponse (EGR) apart from an EIR [3]. Since nervous activa- 
tion of A cells in the islet of Langerhans is mainly exerted via 
the sympathetic system [9] one may assume that EGR is 
elicited by increased sympathetic activity. However, earlier 
work of Kaneto et al. [8,9] does not exclude the possibility 
that also vagal activity might contribute to glucagon release, 
at least in dog. Recently, in human subjects, it was shown by 
LeBlanc et al. [11] that during food intake plasma NE levels 
augmented indicating an arousal of the sympathetic system. 
They suggested that the observed sympathetic arousal con- 
tributes to thermogenesis. Because (1) comparable data in 
rats are absent and (2) changes in sympathetic and parasym- 
pathetic activity profoundly affect the availability of fuels 
like glucose and free fatty acids (FFA), we investigated 
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TABLE | 





BASAL VALUES + SE OF FFA, GLYCEROL, NE, E, GLUCOSE AND INSULIN 





Glycerol 
FFA ywEq/ml ug/ml 
plasma plasma 





Insulin 
NE pg/ml E pg/ml glucose uU/mli 
plasma plasma mg/dl blood plasma 





Food intake 0.16 + 0.014 1.18 + 0.09 
experiment 
Control 0.21 + 0.084 0.85 + 0.08 


experiment 


247 + 32 


337 + 48 





126 + 44 118 + 2.5 49 + 8.3 


98 + 18 ii 2:35 55 + 6.6 





changes of these parameters and also catecholamines and 
insulin before, during and after food intake in freely moving 
undisturbed rats. 


METHOD 
Animals 


Male Wistar rats weighing 250-300 g at the beginning of 
the experiments were used. They were kept individually in 
Plexiglas cages (25x 25 30 cm) at room temperature (20+2°) 
and had continuous access to standard carbohydrate-rich 
food (Muracon Lab chow) and water unless otherwise 
stated. They were maintained on a 12 hr light-dark cycle 
(7:00—-19:00 light). The rats were food deprived for 1.5 hr 
after which the animals were trained to eat a test meal con- 
sisting of 2 g of ground rat chow mixed with 2 ml water 
offered in a porcelain dish. Only those rats that ate the test 
meal within 3.5 min participated in the experiment. Apart 
from the experimental group, a control group of naive rats, 
which were habituated to frequent blood sampling but not to 
eat a test meal participated in the experiment. 


Implantation of Heart Catheters 


Under ether anesthesia all animals were provided with a 
silicon heart catheter according to the techniques described 
earlier [17]. This method allows blood sampling in un- 
anesthetized, undisturbed, freely moving rats [16]. 


Blood Sampling Procedures 


All experiments were performed between 10:30 and 12:30 
a.m., i.e., during the light cycle. Food was removed 1.5 hr 
before the start of an experiment. Blood samples of 0.55 ml 
were taken for determination of blood glucose, plasma insu- 
lin, FFA, norepinephrine (NE) and epinephrine (E) levels. 
For plasma glycerol determinations 0.3 ml blood was with- 
drawn in a separate set of experiments. Samples were taken 
at —11, —1, +1, +2, +3, +5, +10, +15, +20, and +30 min. 
Start of a meal was at time point 0. A transfusion of citrated 
blood, obtained from a permanently catheterized donor rat 
was given after each 0.55 ml or 0.3 ml sample. To avoid 
coagulation of blood between the withdrawal of blood sam- 
ples, the tip of the heart catheter was filled with 6% citrate 
solution (instead of heparin solution which causes activation 
of endothelial lipase). 


Chemical Determinations 


The blood samples were immediately transferred to chilled 
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FIG. 1. Effects of food intake on plasma FFA, norepinephrine, and 
epinephrine levels (left panel) and plasma glycerol, blood glucose 
and plasma insulin levels (right panel) (@). Control experiment 
without food (O). Data are means+SE; yeq/ml plasma, pg/ml 
plasma, pg/ml plasma, yug/ml plasma, mg/dl blood, and »U/ml 
plasma, respectively; changes from premeal values, which were av- 
erage of those of min | before meal onset. *Denotes a significant 
change from premeal level. **Denotes a significant change from 
level in control animals. 


(0°C) centrifuge tubes containing 10 yl heparin solution 
(500 U/ml) as an anticoagulant. For the determination of 
plasma norepinephrine and epinephrine contents 100 ul of 
transferred blood was immediately pipetted into chilled 
tubes containing 0.11 mg disodium EDTA and 0.12 mg re- 
duced glutathione in distilled water in order to prevent 
oxydative metabolism of catecholamines. After centrifuga- 
tion at 4°C the supernatant was stored at —30°C for the cate- 
cholamine assay. Catecholamine levels were measured in 
deproteinized samples according to the radioenzymatic 
COMT procedure described by Van der Gugten and Slangen 
[22] and adjusted for plasma. Blood glucose was measured 
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by the ferricyanide method of Hoffman (Technicon Au- 
toanalyzer TMII) with 0.05 ml blood of the remaining part of 
the 0.55 ml sample. The remaining 0.40 ml blood was cen- 
trifuged at 4°C and 0.1 ml of the supernatant was stored at 
—30°C for the insulin assay. Plasma FFAs were determined 
according to the method of Antonis [1]. The method was 
adapted to 0.15 ml plasma. The plasma was immediately 
extracted and the evaporated extracts were stored at —30°C 
until FFA determination. Glycerol was determined in 100 yl 
plasma samples by means of an enzymatic kit (Boehringer, 
Mannheim) specific for glycerol. Rat specific plasma im- 
munoreactive insulin (IRI) was determined by means of a 
radioimmunoassay kit (NOVO). Guinea pig serum M8309 
served as antiserum for the insulin assay. Duplicate assays 
were performed on 25 ul plasma samples. The bound and 
free ‘I-labeled insulin was separated by means of a poly- 
ethylene glycol solution (23.75% wt./wt.) as suggested by 
Henquin et al. [7]. 


Statistics 


Time patterns were analyzed by means of one-factor 
multivariate analyses of variance (three levels) with aver- 
aged concentrations before, during and after feeding or fre- 
quent sampling as dependent variables. Subsequently, /-tests 
for dependent means were used to compare individual con- 
centrations of a blood component with mean baseline values. 
Differences among group patterns were tested by means of 
two-factor analyses of variance with condition as between 
subjects factor (two levels) and sampling time as multivariate 
within subject factor (S—8 levels). In case of significant inter- 
actions, Mann-Whitney U-tests were performed to compare 
corresponding values for both groups. The criterion of signif- 
icance was set at p<0.05. 


RESULTS 


The data for the experimental rats (n=6) that were offered 
a standard meal are presented in Table | and Fig. 1. All rats 
ingested the meal within 3.5 min. Significant changes in sub- 
ject means before, during and after feeding were found for 
blood glucose, plasma FFA, NE, E and insulin levels. For all 
parameters measured, except for glycerol, mean levels dur- 
ing feeding were significantly elevated over mean baseline 
levels (p<0.02) whereas mean insulin and glucose levels 
were enhanced after feeding (p<0.01). 

The data for the control rats (n=7) that did not have ac- 
cess to food are also given in Table | and Fig. |. Rats that 
never had experienced frequent blood sampling and access 
to a meal simultaneously, were used in order to avoid possi- 
ble conditioned responses to sampling, such as that observed 
for insulin release [23]. The animals that were mostly asleep 
before frequent sampling (i.e. sbefore min 1), woke up during 
frequent sampling and started to slowly walk around the 
cage. In terms of behavioral responses they did not display 
any sign of anxiety or agitation. No significant changes with 
the time periods before, during and after frequent blood 
sampling were found for any blood parameter. However, 
plasma NE and FFA showed a tendency (p<0.10) towards 
significant variations when only the interval up to ‘=3 min 
was considered. In addition to the reported changes, a gen- 
eral time dependent effect of feeding was observed for each 
parameter. When all time points up to ‘=3 min for both 
groups were considered, significant interactions between 
condition and sampling time were found for FFA (p =0.033), 
NE (p=0.018), E (p=0.031), and glucose (p=0.044). For the 
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interval up to ‘=15 min a main condition effect on glucose 
(p =0.005) and interaction effects on FFA (p=0.002) and in- 
sulin (p=0.08) were evident. Comparisons among corre- 
sponding values from either group (see also Fig. 1) consist of 
an elevation within the first min, whereas plasma NE and 
FFA were not significantly enhanced before the second min, 
and glycerol was significantly diminished in the period 10 
min after the start of feeding (p<0.05). 


DISCUSSION 


The main new finding in this report is the simultaneous 
increase in plasma FFA and insulin during a meal. 

An increase in parasympathetic activity during food in- 
take was already described in dog and rat [5, 12, 19, 21]. This 
increase is responsible for the immediate rise in insulin in the 
first min [12, 19, 21]. Recently it was shown that intake or 
meals in contrast to feeding with gavage elicits an increase in 
sympathetic activity in man as expressed by the increase in 
plasma NE levels during the first minutes of a meal which 
were absent during gavage feeding [11]. In contrast to our 
finding, an increase in plasma E was absent during the first 
min of a meal, even a decline was observed [11]. LeBlanc e/ 
al. [11] suggest that the increased sympathetic activity dur- 
ing food intake contributes to thermogenesis in man as well 
as in dog [4]. According to their ideas the meal accompany- 
ing thermogenesis might contribute to reduced efficiency in 
food conversion into glycogen and body fat and might reduce 
weight gain. Our findings show that meals, also in rats, elicit 
sympathetic activity. Not only plasma NE levels increase 
during the whole period of food intake, but plasma E levels 
as well show an initial significant increase in the first minute 
after which they decline. Apparently in contrast to the 
human condition rats enhance their adrenal medullary activ- 
ity also during food intake. Since it is reported in literature 
[10] that increased sympathetic tone is caused—anyway in 
human beings—by consumption of a palatable diet it cannot 
be excluded that the increase in sympathetic tone in the pres- 
ented data is due to an increased palatability because a mix- 
ture of water and powdered chow was offered to the rats. In 
rats the meal induced sympathetic activity is accompanied 
by increased plasma FFA levels that rose from a basal level 
of 0.16+0.014 to 0.25+0.030 yeq/m! plasma in min 5. The 
question arises as to the origin of this increase in FFA. Its 
source might be either the white adipose tissue (WAT) or the 
brown adipose tissue (BAT). FFA released in BAT does not 
leave the adipocytes but are utilized for heat production in 
the abundant numbers of mitochondria via the so-called 
proton conductance pathway [13]. Therefore the meal in- 
duced increase in plasma FFA cannot originate from BAT. If 
WAT is its source the following alternatives can be respon- 
sible for the increase; first, increased lipolysis; second, a 
decrease in oxydation of FFA by muscle because more glu- 
cose is utilized by the muscles; third a reduction in the rate 
of reesterification of FFA by adipose tissue. The first alter- 
native is most attractive because catecholamines are most 
important in stimulating the immediate hydrolysis of stored 
triacylglycerols in FFA and glycerol [15]. However, an en- 
hanced lipolysis can be excluded because plasma glycerol 
does not increase during the FFA rise. If lipolysis were the 
responsible factor the observed increase in FFA with 0.09 
jweq/ml plasma should be accompanied at least with a rise in 
glycerol of 0.03 weq/ml plasma which is equivalent to 2.76 
pg/ml plasma. Apparently an enhanced lipolysis is absent 
during the increased meal-related sympathetic activation. 
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This can be attributed to a rise of NE and E if a more potent 
activation of a2 adrenoreceptors than of 61 adrenoreceptors 
is elicited by these concentrations of NE and E [15]. In this 
respect it has to be born in mind that lipolysis is elicited by a 
81 adrenoreceptor mechanism and inhibited by an a2 ad- 
renoreceptor mechanism. 

With the presented data a distinction between alternatives 
2 and 3 cannot be made. Alternative 2 seems to be less at- 
tractive because it is assumed that muscle cells which use 
FFA as metabolic fuel under aerobic conditions withdraw 
FFA from plasma proportional to the plasma FFA level [6]. 
It might be possible, however, that the increase in insulin 
during the first minutes of a meal enhances glucose metabo- 
lism and decreases FFA metabolism in muscle cells though it 
is reported that increased sympathetic activity inhibits insu- 
lin stimulated glucose uptake by rat skeletal muscle [2]. 

Increased sympathetic activity during food intake has 
probably a function in attenuating the parasympathetically 
mediated muscarinic activation of the B cells of the islet of 
Langerhans [19] by suppressing the activity of these B cells 
[14]. This assumption is supported by the fact that 


a-adrenergic receptor blockade during food intake increases 
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the vagally mediated early insulin response [20]. After meal 
termination sympathetic activity decreases and the con- 
comitant high insulin and glucose levels present at that time 
prevent lipolysis and promote lipogenesis resulting in the 
observed decline in plasma FFA and plasma glycerol. 

Further investigations are needed to unravel the origin of 
the meal related increase in plasma FFA. An involvement of 
the hypothalamus is most likely because noradrenergic 
stimulation of the ventromedial hypothalamus causes a rise 
in plasma FFA independently of the blood glucose and 
plasma insulin levels at that time [18]. 
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HUDSON, R. AND H. DISTEL. Pheromonal release of suckling in rabbits does not depend on the vomeronasal organ. 
PHYSIOL BEHAV 37(1) 123-128, 1986.—Newborn rabbits are completely dependent on a pheromone present on the 
mother’s belly for the release of the highly stereotyped nipple-search behavior and for nipple attachment. Surgical removal 
of the vomeronasal organ had no effect on pups’ ability to respond to the pheromone when tested on a lactating female, nor 
on their ability to obtain milk in the normal nursing situation. Lesioned pups could also learn to associate the odor of citral 
with nipple-search behavior when nursed by a citral-scented doe. In contrast, irrigating the nasal mucosa with ZnSO, completely 
eliminated responsiveness both to the pheromone and to the conditioned odor of citral. This is of particular interest given 
the important role attributed to the accessory olfactory system in pheromonal perception. However, it might be necessary 
to distinguish between pheromones associated with suckling and therefore peculiar to mammals, and other pheromones. 

Vomeronasal organ Olfactory system Pheromone perception 


Odor conditioning Suckling behavior 


Newborn rabbits 





THE demonstration of neuroanatomically separate main and 
accessory olfactory pathways in the rabbit [28], and the for- 
mulation of the dual olfactory system hypothesis [18,19] has 
greatly revived interest in the role of the vomeronasal organ 
in chemoreception. Increasing evidence for the importance 
of the vomeronasal organ in the detection of pheromone-like 
cues in vertebrates as diverse as rodents and reptiles [6, 7, 
12, 15, 29, 30] has led to the suggestion that its prime func- 
tion may be as a pheromone detector [7]. Further, as damage 
to the vomeronasal system generally has a more disruptive 
effect on the behavior of naive than experienced animals, it 
has also been suggested to play a role in the learning of new 
odors. Here the basic idea is that the chemical cues stimulat- 
ing initial, ‘‘preprogrammed”’ responsiveness may become 
associated with other odors mediated by the main olfactory 
system, thereby broadening the range of cues to which the 
animal can respond [7, 15, 30]. 

The unusual suckling behavior of newborn rabbits pro- 
vides an ideal opportunity to test the generality of these 
hypotheses. Rabbit pups are only nursed for about 3 minutes 
once a day [3, 9, 31]. To locate nipples in this short time they 
are totally dependent on a short-ranging pheromone on the 
doe’s belly which releases and guides a highly stereotyped 
search behavior [5, 10, 11]. This is the case even for pups 
delivered preterm and thus without postnatal experience of 
the pheromone. However, pups can be rapidly conditioned 
to respond to artificial odors with nipple-search behavior 
when these are paired with suckling [8]. Following current 
thinking then, it could be expected that both the initial re- 
sponsiveness to the pheromone as well as the acquisition of 


the conditioned response to novel odor stimuli would depend 
on an intact vomeronasal organ. To test this, and compare 
the relative contribution of the main and accessory olfactory 
systems to the nipple-search behavior, the vomeronasal 
organ or the olfactory epithelium of newborn pups was 
lesioned. 


METHOD 
Animals 


Five litters of domestic rabbits of an established chin- 
chilla strain (Chbb; Thomae, Biberach) culled to eight pups 
each were used. Six pups in each litter served as experi- 
mental subjects, and two as sham-operated controls. 

The first three litters (VN) were used to test the effect of 
removing the vomeronasal organ on responsiveness to the 
nipple-search pheromone, and on odor conditioning. The 
pups were delivered one day before term by injecting 3 1U of 
oxytocin into an ear vein of the mother, and separated from 
her immediately so as to prevent postnatal experience of the 
pheromone. On the following two days, Days | and 2, the 
pups were bottle-fed an artificial milk formula [8], as it was 
found that the postoperative recovery and survival of such 
pups was considerably better than that of litters operated 
soon after delivery. Operations were then performed follow- 
ing feeding on Day 2, and the pups allowed 24 hours to 
recover. The next morning, Day 3, they were tested for re- 
sponsiveness to the pheromone and the novel odor of citral. 
They were then given to a lactating doe for nursing on Days 3 
and 4 after her belly and nipples had been painted with a 1% 
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FIG. 1. Hematoxilin-eosin stained sections taken from the snout of 5-day-old rabbits used in this study showing: (A) intact olfactory 
epithelium of a saline treated control pup, (B) damage to the olfactory epithelium resulting from ZnSo, irrigation, (C) intact vomeronasal organ 
from .the same ZnSO, treated pup, and (D) nasal cavity of a pup after surgical removal of the vomeronasal organ with remains of the 
vomeronasal cartilage (right of *) and scar of incision made in the palate (below *). Calibration bars correspond to 0.1, 0.2 and 0.5 mm. 


solution of citral. Before the last nursing on Day 5, pups 
were again tested for responsiveness to the pheromone and 
for conditioning to the odor of citral. 

The remaining two litters (ZS) were used to test the effect 
of lesioning the olfactory mucosa by zinc sulphate irrigation 
on responsiveness to the pheromone, and to the conditioned 
odor of citral. These pups were separated from their mother 
following normal delivery and returned for nursing on the 
morning of Days | and 2 after the mother’s belly had been 
scented with the 1% citral solution. Responsiveness to the 
pheromone and to citral was tested before nursing on the 
morning of Day 3, and then following nursing the nasal mu- 
cosa of experimental pups was irrigated with a ZnSO, solu- 
tion and that of control pups with physiological saline. The 
pups were given to their mother to be nursed the following 
morning, Day 4, and then tested once more for responsive- 
ness to the pheromone and the conditioned odor before the 
last nursing on Day 5. 


Surgery 


To remove the vomeronasal organ pups were 
anesthetized by immersing them in ice water for about 7 
minutes. They were then secured by the hind legs, on their 
back and lying head-downwards, to a sloping cork board. 
The jaws were held open and the head stable by fastening 
threads of surgical silk to the upper and lower incisors and 
pinning the threads to the board after they had been pulled 
taught. The cheeks were held apart with a retractor, an incision 
made in the palate, and the tissue pushed aside so as to 
expose the underlying bone. Fracturing the bone im- 
mediately behind the incisors was then sufficient to enable it 
to be prised up and the vomeronasal organ exposed. The 
vomeronasal organ was aspirated under a dissecting micro- 
scope, gel foam inserted and the wound gently squeezed 
closed. Pups were revived by placing them in a warm-water 
bath of not more than 37°C for several minutes until breath- 
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TABLE | 
NIPPLE-SEARCH PERFORMANCE FOLLOWING VNO-ECTOMY ON DAY 2 





Group 


Odor stimulus 
day of testing 
number of trials 


pheromone 
3/5 
60/60 


VNO-ectomized 


Sham 


citral 
3/5 
60/60 


citral 
WS 
60/60 


pheromone 
3/5 
60/60 





trials with searching 93%/ 100% 


trials with attaching 85%/100% 


3.9/0.9 
(3.4/0.5) 


latency to search 
in sec* 


8.1/3.0 
(5.7/2.6) 


latency to attach 
in sec* 


0%/95% 
0%/65% 


(—/5.3) 


(—/6.9) 


97%/ 100% 0%/98% 


97% 100% 0%/73% 
—/4.0 2.5/0.6 
(2.1/0.9) 


—/3.8 


(—/6.0) 
—/16.7 —/15.3 


(—/8.5) 





*Latencies are expressed as medians, and semi-interquartile ranges are given in par- 


entheses. 


ing had returned to normal, drying them and returning them 
to a nest of warm, unoperated pups. The sham-operated con- 
trols were treated similarly except that the bone was not 
fractured nor the vomeronasal organ removed. 


ZnSO, Irrigation 


ZnSO, irrigation was also carried out following ice 
anesthesia and after fastening pups head-downwards on their 
backs to the sloping board. Irrigation was performed by plac- 
ing polyethylene tubing in each nostril and injecting 0.15 ml 


of a 5% ZnSO, solution for 2 minutes to each side. To 
minimize ingestion or aspiration of the solution during irri- 
gation, a swab was placed at the back of the pup’s mouth. 
Pups were then revived using the warm water method de- 
scribed above. Sham-operated controls received the same 
treatment except that saline was used instead of the ZnSO, 
solution. 


Behavioral Testing 


To assess responsiveness to the nipple-search pheromone 
and the odor of citral used in conditioning, pups were tested 
in a standardized way on the belly of a doe rabbit. The test 
doe was sedated with ketamine and restrained on her back in 
a U-shaped Plexiglas trough, the ends of which were closed 
by dividers fitting her belly so as to form an arena 18.5 13.0 
cm enclosing the six rear nipples. Nipple-search behavior 
shown in the arena is similar to that in the nest [10], but the 
arena situation has the advantage of enabling repeated test- 
ing and a more detailed analysis of behavioral components. 

To record the behavior of the pups, a video camera was 
installed viewing the arena and a digital timer from above. 
Pups were placed on the doe’s belly with their nose at the 
center of the arena, and then released. They were removed 
after they had attached to a nipple, or after 30 seconds. Each 
pup was given 10 trials per test condition, and the total time 
taken to attach to a nipple was scored, as well as the time 
spent actually searching and the latency to make the first 
probing movement with the snout, that is, to start searching. 
As such scores are not normally distributed [4], medians 
together with semi-interquartile ranges have been given. 

In each session pups were tested under three different 
odor conditions. First, responsiveness to the pheromone was 


assessed by testing pups on a doe of the same lactational age 
as their mother. Then, to control for the possible effects of 
general rabbit odors, they were tested on an ovariectomized, 
non-pheromone producing doe. Finally, to test for odor 
conditioning, pups were again placed on the non-pheromone 
producing doe after her belly and nipples had been painted 
with the 1% citral solution in greatest concentration at the 
nipples. In addition, suckling performance was assessed 
each day by weighing pups before and after nursing, and by 
recording the time does spent in the nest box. Pups which 
had drunk poorly were then given to foster does for supple- 
mentary feeding. 


Histology 


The completeness of the destruction of the vomeronasal 
organ or of the olfactory epithelium was verified histologi- 
cally after sacrificing the pups on Day 5 (Fig. 1). After re- 
moving the lower jaw, the heads were immersion fixed in 
Bouin's fixative, decalcified, paraffin embedded, and serial 
sections (6-10 yw thick) stained using the hematoxilin/eosin 
method. Examination of the sections under the microscope 
showed that at least one pup surviving in each of the three 
VN litters had been completely lesioned, with even the most 
anterior and inaccessable part of the vomeronasal organ 
lying above the incisors having been destroyed. In contrast, 
ZnSO, irrigation did not seem to have affected the vom- 
eronasal epithelium of the ZS pups, although the olfactory 
epithelium appeared to have been completely destroyed in 
all cases (cf. Fig. 1B and C). 


RESULTS 
The results presented below are based on the perform- 
ance scores of the two best lesioned pups surviving in each 
of the three VN litters (N=6) and two ZS litters (N=4), 
together with their respective sham-operated controls. Al- 
though the number of subjects is small, the clear-cut nature 


of the results was thought to make the sacrificing of further 
animals unnecessary. 


Pheromone Perception 


As can be seen from the data for the VN litters presented 
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TABLE 2 


NIPPLE-SEARCH PERFORMANCE OF PUPS BEFORE AND AFTER ZnSO, IRRIGATION 
ON DAY 3 





Group ZnSO,-treated Sham 


Odor stimulus pheromone citral pheromone citral 
day of testing 3/5 3/5 3/5 3/5 
number of trials 40/40 40/40 40/40 40/40 





trials with searching 100%/0% 
100%/0% 


2.1/— 


(1.8/—) 


95%/0% 100%/100% 93%/ 100% 


63%/0% 


6.5/— 
(5.0/—) 


trials with attaching 100%/100% 


2.1/0.5 
(1.9/0.6) 


S27 
(2.3/1.6) 


latency to search 
in sec* 


5.1/3.5 
(4.7/3.1) 


15.9/13.8 
(6.1/8.2) 


latency to attach 
in sec* 


4.0/— 
(2.1/—) 


13.3/— 
(6.9/—) 





*Latencies are expressed as medians, and semi-interquartile ranges are given in par- 


entheses. 


in Table 1, destruction of the vomeronasal organ had very 
little effect of the nipple-search performance of pups tested 
in the arena on the lactating, pheromone producing doe. 
Even on Day 3, just one day after being operated, lesioned 
pups located and attached to nipples in an impressive 85% of 
trials, taking on average less than 10 sec to do so. While this 
was not as good as the 97% attachment score of the sham- 
operated controls, by Day 5 the ability of the operated pups 
to attach to nipples was virtually indistinguishable from that 
of the controls. Not shown in the table are the performance 
scores of the pups when tested on the ovariectomized, non- 
pheromone producing doe. As was to be expected from pre- 
vious findings [11], none of the pups showed search behavior 
or nipple attachment in this condition, despite it having been 
preceded by the seemingly highly arousing condition on the 
pheromone producing doe. 

These findings are consistent with the biologically more 
significant suckling performance of pups under the demand- 
ing conditions characteristic of normal nursing in the nest. 
Although some lesioned pups were unable to obtain milk 
during the first post-operative nursing and had to be bottle- 
fed for an additional day, by Day 5 operated pups were suc- 
cessfully competing with the sham-operated controls to 
drink a normal 15% or so of their body weight within the 
standard 3 to 4 min nursing time available each day. 

In contrast to the lack of effect of lesioning the vom- 
eronasal organ, the destruction of the olfactory epithelium 
resulting from the ZnSO, irrigation completely disrupted 
both nipple-search performance in the arena and suckling in 
the nest. As shown in Table 2, pups which had been able to 
attach to the nipples of a pheromone producing doe in the 
arena within a few seconds on Day 3 prior to ZnSO, treat- 
ment, failed to show any nipple-search behavior at all when 
retested one day after the treatment. In fact, they responded 
to this doe in much the same way as to the non-pheromone 
producing control doe by crawling around in an apparently 
random fashion before coming to rest. This lack of respon- 
siveness in the arena helps explain the poor suckling per- 
formance of these pups in the nest. Despite does spending 
three or four times as long in the nest trying to nurse, none of 
the lesioned pups succeeded in obtaining any milk on post- 


operative Days 4 and 5 and would certainly had starved had 
the study not been terminated at this time. 


Odor Conditioning 


The effects of the two types of lesion on odor conditioning 
parallel the effects on responsiveness to the nipple-search 
pheromone. Thus, while both control and operated VN pups 
showed little response to citral when encountering it on Day 
3 for the very first time in the arena (Table 1), by Day 5 they 
were responding to it as to the pheromone itself. That is, 
after having been nursed by a citral-scented doe on Days 3 
and 4, pups without a functional vomeronasal organ were 
just as able to associate this novel odor with suckling as the 
intact animals. 

These findings again contrast with the results for the 
ZnSO, lesioned pups given in Table 2. As the ZS pups had 
been nursed on Days | and 2 by citral-scented mothers, they 
all showed vigorous searching and frequent nipple attach- 
ment in response to the odor of citral when tested in the 
arena on the scented doe just prior to the ZnSO, treatment. 
When tested again on Day 5 however, the lesioned pups no 
longer showed any visible reaction to citral although the con- 
trol pups still responded just as vigorously. 


DISCUSSION 


Contrary to expectations, in newborn rabbits neither ini- 
tial responsiveness to the nipple-search pheromone nor the 
acquisition of responsiveness to artificial odors associated 
with suckling appear to depend on a functional vomeronasal 
organ. Although the importance of the vomeronasal organ 
for the mediation of odors associated with suckling has not 
been directly studied in other species, there is evidence that 
transection of the vomeronasal nerves or removal of the 
organ itself in neonatal rats [27] or in mice [1,22] has little or 
no effect on either nipple attachment or growth rate. In con- 
trast, olfactory bulbectomy or ZnSO, irrigation of the nasal 
mucosa eliminates or severely disrupts suckling not only in 
newborn rabbits [4,20], but also in newborn rats [24,26], 
mice [14] and kittens [13,23]. 

In trying to reconcile the apparent conflict between our 
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findings and current opinion on the role of the accessory 
olfactory system in pheromone perception [7,15], the first 
question which comes to mind is whether the odor cues re- 
leasing nipple-search behavior in the rabbit can be truly 
considered a pheromone. However, by any of the conven- 
tional definitions [2] the nipple-search pheromone does in 
fact appear to be one of the best examples of a mammalian 
*‘releasing pheromone”’ to date. It not only reliably elicits a 
specific and highly stereotyped pattern of behavior [3, 4, 10], 
but also its action appears to be largely independent of 
postnatal experience [8] and is species-specific ({16], own ob- 
servations). While the pheromone has not yet been isolated, 
it is contained in fresh rabbit milk ({8,21], own observations), 
and is produced by any sexually mature female rabbit under 
favorable seasonal and hormonal conditions independent of 
lactation [11]. 

Despite this, it is not clear how the nipple-search 
pheromone comes to have its releasing function; whether 
this is genetically determined or the result of prenatal expo- 
sure, that is, experience. The latter may well be the case 
[17,25] as the conditioning experiments show that a range of 
novel odors can readily acquire the functional characteristics 
of the pheromone itself [8]. Should it be demonstrated that 
responsiveness to the pheromone is ‘‘learned”’ prenatally, 
then the role suggested for the accessory olfactory system as 
a detector of genetically preprogrammed signals may indeed 
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be upheld. Nevertheless, the fact that the nipple-search re- 
sponse can be conditioned to a variety of odors not only 
suggests mediation by the main olfactory system, but also 
that substances having a ‘‘pheromonal action’’ need not be 
restricted to a particular chemical class. 

Finally, it may prove useful to distinguish between 
pheromones associated with lactation and suckling and 
therefore unique to mammals, and other pheromones. For 
example, pheromones associated with sexual behavior 
presumably have a long evolutionary history and therefore 
possibly a bias towards the accessory olfactory system. Per- 
ception of nipple-search odors by the main olfactory system, 
however, may be a mammalian trait needing to be acquired 
perinatally [17]. 

However this may be, at the very least the findings of this 
study suggest that the reduction or complete loss of the ac- 
cessory olfactory system which has occurred in several mam- 
malian orders, including primates, need not be a bar to phero- 
monal communication. 
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CRESCIMANNO, G., P. PIAZZA, A. BENIGNO AND G. AMATO. Effects of substantia nigra stimulation on hypotha- 
lamic rage reaction in cats. PHYSIOL BEHAV 37(1) 129-133, 1986.—The effects of substantia nigra (SN) (pars compacta) 
stimulation on the rage reaction elicited by ventromedial hypothalamic nucleus (VMH) were investigated in the cat. The 
studied parameters of the rage reaction were: the current and the frequency threshold for the appearance of the hissing and 
the hissing latency. A facilitatory effect induced by the SN on the hypothalamic rage reaction was observed in the form of a 
decrease in the hypothalamic stimulus threshold for the hissing appearance and a decrease in the hissing latency. 
Moreover, when the VMH was stimulated with parameters below the threshold for the hissing display, simultaneous nigral 
activation determined its appearance. The excitatory influence exerted by the SN on the affective component of the 


aggressive behavior is discussed. 


Hypothalamic rage Substantia nigra Cat 


Facilitation 





ELECTRICAL stimulation of the ventromedial hypotha- 
lamic nucleus (VMH) determines in the cat a rage reaction 
characterized by midriasis, piloerection, retraction of the 
ears, arching of the back, snarling, showing of the teeth, 
culminating in the hissing and frequently in the attack at 
specific objects (e.g. rat, experimenter) [8, 9, 14]. This reac- 
tion accompanied by a great emotional and autonomic par- 
ticipation has been considered a defensive-aggressive behav- 
ior [4,7] and has been distinguished by the quiet biting attack 
evoked by lateral hypothalamic (LH) stimulation [24]. 

Aggressive behavior is controlled by several structures of 
the CNS; among others, striatal system has been shown to 
influence it. According to some authors the striatum exerts 
an inhibitory role: in the monkey general inhibition of behav- 
ior, of autonomic responses and of aggressiveness has been 
observed after caudate stimulation [20]; i: the cat low fre- 
quency stimulation of the caudate nucleus inhibited the 
somatomotor but not the autonomic and non directed as- 
pects of the affective attack evoked by LH activation [17]; 
inhibition of the predatory attack either as an increase in the 
attack latency or as disappearance of the quiet biting pattern 
has been shown by substantia nigra (SN) stimulation [16]. 
However no data exist concerning the influence of the ni- 
grostriatal dopaminergic system on the rage reaction ob- 
tained by VMH activation. The present experiments were 
performed to investigate the effects of SN stimulation first on 
the threshold for the hissing response and second on the 
latency of the hissing. Preliminary results have been pub- 
lished elsewhere [15]. 
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METHOD 


The experiments were performed on 11 adult cats weigh- 
ing an average of 3.5 kg. The animals were housed in sepa- 
rate cages and fed ad lib throughout the experiment. Under 
general anaesthesia (pentobarbital 50 mg/kg IP) the animals 
were placed on a stereotaxic apparatus (DKI 1404) and pairs 
of stainless steel wires (1-1.5 mm interelectrode distance, 
25-50 yu tip) were implanted bilaterally in the VMH (A=9-12 
mm, L=1-2 mm, H=5-6 mm), and in the SN (pars com- 
pacta) (A=3-4 mm, L=4-5 mm, H=5—6 mm), according 
to the atlas of Snider and Niemer [21]. The animals, 6-8 days 
after surgery, were placed in an observation box 
(70x70x100 cm, inside dimensions) and behavioral re- 
sponses elicited by VMH stimulation were observed under 
unrestrained conditions. Both VMH and SN were stimulated 
unilaterally and the side of hypothalamic stimulation was 
chosen in relation to the lower threshold for the appearance 
of the behavioral responses. The hypothalamus was stimu- 
lated with trains varying between 15-20 sec, 30-60 c/sec, 
0.1-1 msec and with starting current intensities of 50-100 
mA; current was raised in steps of 50 ~A until the trial 
yielded a hissing response. The current was then decreased 
with descending steps until the hissing disappeared (one re- 
sponse change); then the current was raised with the same 
step until the animal hissed again (second response change) 
[25]. The threshold was represented by the lowest current 
intensity which on two consecutive response changes, elic- 
ited the complete affective display including the hissing. 











FIG. 1. A and B: Electrode sites in the ventromedial hypothalamic 
nucleus (VMH) from which the rage reaction was elicited (A=F12) 
(B=F11). C: Substantia nigra stimulation points (C=F3). 


The same method was utilized to determine the frequency 
threshold: in this case the stimulation current remained fixed 
at the threshold value and the frequency was varied with 
fixed steps of 10 c/sec. The animals were subjected to the 
experimental sessions at the same hour, every two days and 
for each animal the threshold was controlled at the beginning 
of the session. If the intertrial interval was maintained con- 
stant at 10 min and if the feeding conditions and the 
environmental temperature did not greatly change the 
threshold value both of the current and of the frequency of 
the hypothalamic stimulus remained the same throughout the 
experimental sessions. 

In a second series of animals the interval between the 
beginning of the VMH stimulation and the appearance of the 
first hissing was considered as reference value of the rage 
reaction and was measured with stop-watches. In this case 
VMH stimulation was performed with parameters (15-20 
sec, 30-90 c/sec, 0.1-1 msec, 150-500 A) which induced 
hissing appearance at almost the same latencies (8-11 sec). 

Stimulation of the SN ipsilateral to the VMH was made 
with the following parameters: 30-60 c/sec, 0.1-0.5 msec, 
200-400 A; it lasted 4-6 sec and began simultaneously with 
the hypothalamic one. Stimulation threshold of the SN was 
represented by the lowest current intensity which on two 
consecutive trials determined the minimal behavioral 
changes (onset of the head turning movement). The experi- 
mental sessions for both group of animals consisted of 12 
trials with a constant intertrial interval (10 min); in the same 
session, single (i.e., hypothalamus alone) and dual (i.e., both 
hypothalamic and nigral) stimulation trials were given in an 
ABBA order, systematically varied. The data collected in 
single stimulation condition were statistically compared with 
those obtained in dual stimulation trials using the Student’s 
t-test and variance analysis. At the end of the experiments 
the animals deeply anaesthetized, were perfused with 10% 
formaline-saline solution and the brains were removed and 
fixed in formalin for at least 24 hr. The position of the elec- 
trode tips in the VMH and in the SN was then controlled on 
serial Nissl sections. Figure 1 shows in two different frontal 
sections (A=F12 and B=F11) the position of the electrode 
tips in the VMH and the actual position (C) of the electrode 
tips in the pars compacta of the SN, in all studied animals. 
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FIG. 2. The threshold of the hypothalamic stimulation current for 
the hissing appearance is shown in single (open circles) (VMH alone) 
(50 c/sec, 15 sec, 0.1 msec) and dual (closed circles) (VMH and SN) 
stimulation patterns. A significant decrease appears after SN con- 
current activation (40 c/sec, 4 sec, 250 wA, 0.5 msec). Each point 
represents the mean value+SD of 20 trials obtained in 20 different 
sessions in the same animal (t= 10.23). **p<0.001 Student's /-test. 
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FIG. 3. The threshold of the hypothalamic stimulation frequency for 
the hissing appearance is shown in single (open circles) (VMH alone) 
(300 wA, 15 sec, 0.1 msec) and dual (closed circles) (VMH and SN) 
stimulation conditions. A significant decrease of the threshold fre- 
quency is evident after SN activation (40 c/sec, 4 sec, 250 wA, 0.5 
msec). Each point represents the mean value+SD of 20 trials ob- 
tained in 20 different sessions in the same animal (*=8.09). 
**p<0.001 Student's f-test. 


RESULTS 


Electrical stimulation of the VMH performed with 
threshold parameters resulted in a behavioral display 
culminating in the hissing. The animal walked along the cage 
and showed midriasis, salivation, piloerection especially 
down the midline of the back and in the tail, slight retraction 
of the ears, snarling, growling, showing of the teeth and 
hissing. Lower stimulus intensity and/or frequency resulted 
in a weaker affective display without hissing, whereas the 
increase of the same parameters provoked a more sustained 
rage reaction with a great number of hisses and a 
corresponding decrease of the hissing latency. The 
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TABLE | 


DECREASE OF THE CURRENT AND FREQUENCY THRESHOLD OF 
THE HYPOTHALAMIC STIMULUS FOR HISSING RESPONSE AFTER 
SIMULTANEOUS NIGRAL ACTIVATION 





Hypothalamic Hissing Threshold 
Current Frequency 
pA c/sec 


Single Dual Single Dual D% 





397.92* 
(33.85)7 
346.25 
(44.95) 
301.25 
(35.64) 
348.33 
(34.15) 
301.67 
(33.89) 


250.83* 
(32.91)* 
198.33 
(12.90) 
202.92 
(41.58) 
252.08 
(42.08) 
203.33 
(36.60) 


59.58* 
(5.40) 
49.25 
(4.86) 
39.33 
(7.98) 
49.25 
(6.65) 
40.50 
(7.96) 


40.17* 
(6.32)7 
30.50 
(7.39) 
31.83 
(7.93) 
40.41 
(7.50) 
30.42 
(7.44) 


32.584 


38.07 


19.07 


17.95 


24.88 





*Mean values (n= 120) of the current and frequency thresholds of 
the hypothalamic stimulus in single (hypothalamus alone) and dual 
(hypothalamus + substantia nigra) stimulation conditions. 

*Standard Deviations. 

Percentage decreases of the threshold values after nigral activa- 
tion. 
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FIG. 4. Relationship between the hissing latency and the hypotha- 
lamic stimulation current (50 c/sec, 15 sec, 0.1 msec). For each value 
of the VMH stimulus strength the hissing latency is shown both in 
single (VMH alone) (circles) and in dual (VMH and SN) (triangles) 
stimulation patterns. SN stimulation (50 c/sec, 5 sec, 0.1 msec, 300 
A) began simultaneously with the VMH one. Each value indicates 
the average +SD (n=8) of the hissing latency obtained in one animal 
in 8 different experimental sessions. *»<0.001 Student’s f-test. 


experimental results are presented taking into account (A) 
the effects of SN _ stimulation on the threshold for 
hypothalamically induced hissing reaction, and (B) the 
effects of nigral activation on the hissing latency. 


SN Stimulation and Hypothalamic Threshold for the 
Hissing Response 


For this experiment 5 animals were utilized in which cur- 
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FIG. 5. Relationship between the hissing latency and the hypotha- 
lamic stimulation frequency (350 wA, 15 sec, 0.1 msec). For each 
value of the VMH stimulus frequency, the hissing latency is shown 
both in single (VMH alone) (circles) and in dual (VMH and SN) 
(triangles) stimulation patterns. SN stimulation (50 c/sec, 5 sec, 0.1 
msec, 300 wA) began simultaneously with the VMH one. Each point 
represents the mean value+SD (n=8) of the hissing latency obtained 
in the same animal in 8 different sessions. *p<0.01, **p<0.001 
Student's /-test. 
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FIG. 6. Effects of SN stimulation on the mean values+SD of the 
latency of the hissing response evoked by VMH stimulation in the 6 
studied animals. Each column corresponds to the mean of 120 trials 
obtained in 20 different sessions. White column: single stimulation 
condition. Shaded column: dual stimulation pattern. 


rent and frequency threshold of the hypothalamic stimulus 
able to evoke the hissing response were determined. In the 
animals subjected to the experimental sessions, every two 
days at the same hour, in which the intertrial interval, the 
feeding conditions and the environmental temperature were 
kept constant, threshold values did not greatly change during 
the different sessions. The mean values of the current 
threshold, observed in the control trials, varied from about 
300 to 400 A and the mean frequency threshold from about 





40 to 60 c/sec. These inter-individual variations appeared to 
depend on the position of the electrodes and on the reactivity 
of the animals. Particularly it has been found that in the 
animals in which the electrode tips were located more me- 
dially in the VMH both in the frontal plane F=12 and F=11, 
the hissing showed lower threshold values. Stimulation of 
the SN simultaneous with the VMH activation determined a 
decrease of the current and of the frequency threshold for 
the hypothalamic stimulus, able to induce the hissing re- 
sponse. Figure 2 shows the data collected in one animal from 
20 trials obtained in 20 different experimental sessions. It 
may be observed that the mean values of the control trials do 
not greatly change across time and that the effect of SN 
stimulation corresponds to a significant decrease in the cur- 
rent threshold. Figure 3 shows the mean values of the fre- 
quency threshold of 20 control trials compared with those 
obtained during SN stimulation. The effect of nigral activa- 
tion in this case is revealed by a significant decrease in the 
frequency threshold. The results collected in Table | clearly 
show that, in all animals SN stimulation, simultaneous with 
the hypothalamic one, determined a decrease of the current 
and of the frequency threshold; the effect was statistically 
significant both for current, F(1,8)=29.3, p<0.001, and for 
frequency threshold, F(1,8)=8.9, p<0.025. 


SN Stimulation and Hissing Threshold 


In the six animals utilized for this experiment VMH 
stimulation determined a rage reaction with a hissing la- 
tency which depended on the stimulus parameters. Figure 4 
(circles) shows an example of the relationship between the 
hypothalamic stimulus strength and the hissing latency. The 
decrease in the stimulus current determines an increase in 
the hissing latency and finally the disappearance of the his- 
sing response. Figure 5 (circles) shows the same effect when 
the frequency of the hypothalamic stimulus is lowered. 
When the parameters of the VMH stimulation were kept 
constant, in the same animal, the latency of the hissing re- 
sponse did not greatly change during the different experi- 
mental sessions. In order to study the effects of SN stimula- 
tion on the hissing latency, VMH was stimulated with pa- 
rameters which induced in all the animals hissing appearance 
at almost the same values (8-11 sec). Figure 6 shows that 
simultaneous activation of the SN determined a decrease in 
the hissing latency; for each animal the average+S.D. of 120 
trials obtained in 20 different sessions is shown in single 
(VMH alone) and dual (VMH and SN) experimental condi- 
tion. For all the animals the mean duration of the hissing 
latency was 9.93+0.92 sec and became 5.64+0.36 sec after 
nigral stimulation, with a decrease of 43.20%; the effect was 
statistically significant, F(1,10)=50.38, p<0.001. 

We studied the effect of SN stimulation in relation to the 
different latencies of the hissing response, obtained with dif- 
ferent current and frequency parameters of the hypothalamic 
stimulus. For each value of the hypothalamic stimulus cur- 
rent (Fig. 4) or frequency (Fig. 5) in the abscissa, hissing 
latency is shown both in single stimulation condition (circles) 
and in dual activation pattern (triangles). It may be observed 
that when VMH was stimulated with parameters which in- 
duced hissing appearance at short latencies (2-5 sec) concur- 
rent nigral activation did not determine a significant decrease 
of the hissing latency. When VMH was stimulated with pa- 
rameters which induced hissing response with latencies be- 
tween 8-15 sec, simultaneous SN stimulation resulted in a 
statistically significant facilitatory effect; when VMH was 
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stimulated with parameters below the threshold for the hiss- 
ing, concurrent activation of the SN determined its appear- 
ance. However stimulation of the SN alone never induced a 
rage reaction even increasing the parameters of the stimulus; 
in this case contralateral circling movements appeared. 


DISCUSSION 


The experimental results show a facilitatory effect in- 
duced by the SN on the hypothalamic rage reaction. In fact, 
stimulation of the SN simultaneous with VMH one, deter- 
mined both threshold decrease in the hypothalamic stimulus 
parameters able to induce the hissing response and a de- 
crease in the hissing latency. Moreover, when VMH was 
stimulated with parameters below the threshold for the hiss- 
ing, concurrent nigral activation determined its appearance. 
However, stimulation of the SN alone never induced ag- 
gressive phenomena, even if stimulus parameters were in- 
creased over the values selected for this study. Our data 
show that SN does not induce aggressive behavior but 
facilitates the rage reaction evoked by VMH stimulation. 
These results do not agree with others which show an inhibi- 
tory role of the striatal system on aggression [17,20]. It has 
been shown that SN determines an increase of the latency or 
the loss of the quiet biting attack evoked by activation of the 
lateral hypothalamus [16]. However a distinction must be 
made between the attack behavior obtained by lateral hypo- 
thalamic stimulation [2,24] and rage evoked by ventromedial 
hypothalamic activation [8, 9, 14]. The two hypothalamic 
responses seem to have a different behavioral significance: 
the first one is related to the stalking, predatory attack with- 
out affective or autonomic participation [24], the second one 
may be considered as a threat for defensive purpose accom- 
panied by a great emotional display [4,7]. Striatal stimulation 
seems to inhibit the somatomotor [17] and the intentional 
[16] component of the attack pattern, disrupting the goal- 
directed behavior, but not affecting the emotional compo- 
nent of the aggression. Nigral facilitation of the rage reaction 
observed in this study may be considered a non-specific ef- 
fect related to an increase in the activity of the nigro-striatal 
dopaminergic system. This system seems to play a special 
role in stimulating the attention of the animals and could be 
responsible for the facilitatory process of the hypothalam- 
ically induced rage reaction. In fact in chronic monkeys 
striatal cells increase their firing pattern when environmental 
stimuli related to the task performed by the animals are pre- 
sented [19], and in the rat lesion of the dopaminergic neurons 
induced by 6-hydroxydopamine causes a pronounced defi- 
ciency in the ability to orient toward environmental and 
somatosensory stimuli [11,13]. 

It has been shown that lesion of the nigro-striatal 
dopaminergic system determines in the rat a series of symp- 
toms and develops a condition reminiscent of the lateral hy- 
pothalamic syndrome [18,23]. A number of symptoms earlier 
related to the hypothalamic lesion may be in fact reported to 
disturbance of the nigro-striatal dopaminergic system 
[22,23]. This seems not the case for the deficiency in the 
aggressive behavior observed following lesion of the nigro- 
striatal dopaminergic system: in our study stimulation of the 
SN never induced aggression, but only facilitation of the 
hypothalamic rage reaction. The influence exerted by the SN 
on the affective component of the aggressive behavior might 
be explained through the odological linkages of the structure 
with the limbic system. It has been emphasized that 
dopaminergic neurons of the mesencephalic tegmentum form 
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a continuous group which innervate the caudate-putamen, 
the nucleus accumbens, the septal nuclei, the amygdaloid 
nuclei, the frontal cortex and that medial A9 dopaminergic 
neurons of the SN contribute to the innervation of the amyg- 
dala and the septum [6,10]. 


The affective component of the aggressive behavior might 
be influenced by the SN through limbic structures as the 
septum and the amygdala [1, 3, 5, 12] which control more 
directly the expression of the rage reaction. 
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FAHRBACH, S. E., J. I. MORRELL AND D. W. PFAFF. Effect of varying the duration of pre-test cage habituation on 
oxytocin induction of short-latency maternal behavior. PHYSIOL BEHAV 37(1) 135-139, 1986.—Intracerebroventricular 
(ICV) infusion of the peptide hormone oxytocin has been previously reported to induce the performance of short-latency 
maternal behavior (less than one hour of exposure to foster pups required) in estrogen-treated, ovariectomized virgin rats. 
Tests for the effect of ICV oxytocin in maternal behavior latency have included transfer of animals from their home cage to a 
larger test cage one to two hours before oxytocin infusion. The importance of this test feature on peptide-induced 
short-latency maternal behavior was evaluated by varying the duration of the pre-test cage habituation. The responses of 
ovariectomized, estrogen-primed Zivic-Miller Sprague-Dawley rats housed in the test cages one week, two hours, or 0 
hours before oxytocin or saline infusion were compared. It was found that only the rats given two hours of pre-test cage 
habituation responded to ICV oxytocin treatment with short-latency maternal behavior. This result is discussed with regard 
to the failure of other investigators to elicit short-latency maternal behavior with oxytocin. Possible neuroendocrine 
mechanisms for the interaction of degree of environmental novelty with oxytocin-induced behavior are considered. 
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INTRACEREBROVENTRICULAR (ICV) infusion of the 
peptide hormone oxytocin shortens the latency of estrogen- 
treated virgin rats to respond to foster pups with maternal 
care [6, 14, 15]. A temporary reduction in the activity of 
endogenous oxytocin in the central nervous system delays 
the onset of estrogen-stimulated maternal behavior [7]. 

Several investigators have reported difficulty in replicat- 
ing this oxytocin induction of short-latency maternal behav- 
ior [3,18], and it has been suggested that the effect may de- 
pend importantly on the particular substrain of rat tested or 
on the ovarian steroid priming regimen chosen [1, 3, 7]. It is 
also likely that variations in the procedure for behavioral 
testing could account for differential responsiveness to 
oxytocin. For example, unlike the tests of Rubin et al. [18] 
and Bolwerk and Swanson [3], the procedure used by Peder- 
son and colleagues [14,15] and by Fahrbach et al. [6] incorpo- 
rated a transfer of the animal from its home cage to a larger, 
unfamiliar test cage 1-2 hours before the ICV infusion and the 
start of behavioral observation. In an attempt to specify crit- 
ical features of the test paradigm, we have now examined 
directly the effect of varying duration of pre-test cage 
habituation on the response to oxytocin. 





METHOD 
Subjects 


Sprague-Dawley rats (ZM/SD) obtained from Zivic-Miller 
Laboratories, Inc. (Allison Park, PA) were used in this ex- 
periment. Virgin rats weighing 200-225 g were singly housed 
in our facility one week before ventricular cannulation. 
Timed-pregnant females purchased from Zivic-Miller Lab- 
oratories at 12 or 14 days gestation served as pup donors. 
Prior to testing, animals were housed in plastic cages 
(20x 20x40 cm) with food and water available ad lib. Lights 
were on from 0600 to 1800 hr; room temperature was 20- 
22°C. Virgin test subjects were housed in a separate room 
from pregnant and lactating rats to prevent incidental 
transmission of pup-related cues. 


Surgery and Estrogen Treatment 


Stainless steel guide cannulae (22 gauge) 4.1 mm long 
were implanted into the left lateral ventricle of test animals 
anesthetized with Nembutal. Eight days after cannulation, 
animals were ovariectomized under Metofane anesthesia and 
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FIG. 1. Effect of duration of cage habituation on oxytocin induction 
of short-latency maternal behavior in estrogen-primed virgin rats. 
Oxytocin groups: x7(2)=6.6, p=0.036. Saline groups: x7(2)=0.506, 
n.s. 


given a subcutaneous injection of estradiol benzoate (EB) in 
corn oil vehicle (100 ug EB/kg body weight). Ovariectomy 
and estrogen treatment preceded the oxytocin infusion and 
introduction of pups into the test cage by 48 hours. 


Oxytocin Infusion and Maternal Behavior Tests 


Oxytocin (gift of V. Hruby, University of Arizona School 
of Medicine, Tucson, AZ) was dissolved in sterile normal 
saline a few minutes before use to yield a solution of 400 ng 
oxytocin/10 ul. The glass vials used for the oxytocin solution 
were pretreated with Prosil-28 (Specialty Chemicals, 
Gainesville, FL) to minimize adsorption of the peptide onto 
the glass. Animals were handheld while being injected with 
either oxytocin or the saline vehicle (pH adjusted to 5.4 with 
HCI in both cases). The injection was made with a 10 ul 
Hamilton syringe fitted with a 31 gauge needle 0.5 mm longer 
than the guide cannula. Ten ul were delivered over a period of 
1-2 minutes. During the infusion, three rat pups 12-24 hours 
old were placed in the test cage. Behavioral observations 
began immediately at the conclusion of the injection, after 
the animal was replaced in the center of its cage. Nesting 
material (paper towel strips) was present whenever a rat was 
in a test cage. 

Descriptions of the maternal behavior test cages 
(36 x47 x20 cm, cage floor divided into quandrants with Plex- 
iglas barriers), test procedure, and scoring of maternal be- 
havior performance have been previously published [6]. As 
before, an animal was designated *‘maternal”’ at a particular 
behavior assessment if it received a maternal behavior score 
of either 4 or 5 and had constructed a maternal nest out of the 
available paper towels. (Retrieval was inferred from the 
presence of grouped pups in a nest if not actually observed 
during the preceding hour.) In order to facilitate simulta- 
neous testing of animals, minute-by-minute behavior 
checklists were not kept. Instead, the animals’ responses to 
pups and the appearance of the nest were assessed at 1, 2, 3, 
and 4 hours post-infusion, with a test for retrieval of three 
pups to the nest within 15 minutes of their removal given at 4 
hours. The ICV infusion was made at 1300 hr, so that the 
entire first day’s testing was carried out in the light part of 
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FIG. 2. Effect of duration of cage habituation on retrieval of 3 scat- 
tered pups during a 15 minute retrieval test conducted 4 hours after 
ICV infusion and introduction of pups into the test cage. Oxytocin 
groups: x*(2)=9.51, p=0.009. Saline groups: x7(2)=0.698, n.s. 


the cycle. The maternal behavior of the animals was assessed 
the next morning (0900-1000 hr), and at this time a second 15 
minute retrieval test was given using freshly-nourished pups. 
Animals were then anesthetized with an overdose of Nem- 
butal and sacrificed by perfusion with 10% formalin in order 
to examine their cannula placements. No animals were ex- 
cluded from the data analysis for reason of poor cannula 
placement. 


Experimental Groups 


Three groups of ovariectomized, estrogen-primed nul- 
liparous ZM/SD rats were tested using the above procedure. 
The first group received the typical two hour preinfusion 
habituation to the test cage; a second group was tested in 
their *‘home cages’’ (same size and design as the test cages 
used for the other groups; one week habituation, no change 
of bedding during this time); the third group received no 
habituation to the test cage and were transferred from their 
home cage to the test cage immediately after the ICV infu- 
sion. All animals were housed in the same room before the 
start of test cage habituation; each was carried individually 
in a covered box to the test room, so that the total time spent 
‘“‘between cages’’ was the same for all animals. Approx- 
imately half of the animals in each group received 400 ng of 
oxytocin dissolved in 10 ul normal saline (OXY); the other 
half received 10 ul of normal saline (NS). For the no habitu- 
ation group: OXY, n=7, NS, n=6; 2 hour habituation: OXY, 
n=8, NS, n=7; | week habituation: OXY, n=8, NS, n=7. 
This design permitted comparison of the effects of duration of 
cage habituation on the maternal behavior response baseline 
as well as on oxytocin-facilitated maternal behavior. 


RESULTS 
Percentage Maternal After One Hour of Pup Contact 


Figure 1 shows the percentage in each group rated *‘ma- 
ternal’ after one hour of contact with foster pups. For each of 
the three different durations of cage habituation, the per- 
formances of the oxytocin- and saline-treated animals were 
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FIG. 3. Effect of duration of cage habituation on proportion of 
groups found with 3 warm pups grouped in a nest the next morning. 
Oxytocin groups: x*(2)=1.12, n.s. Saline groups: x7(2)=0.760, n.s. 


compared using the Fisher exact probability test (one-tailed 
probability, a=0.05). There was a significant difference in 
the proportion of animals responding maternally only in the 
case of the animals transferred to the test cage two hours 
before the ICV infusion and the introduction of pups 
(p =0.034). The performance of this oxytocin-treated groups 
replicates the previously-reported short-latency oxytocin in- 
duction of maternal behavior in ovariectomized, estrogen- 
primed ZM/SD rats [6]. A short-latency induction of respon- 
sivity to pups was absent both in the groups given one week 
of pre-test cage habituation or no prior cage habituation. The 
three oxytocin groups were compared by means of the y? 
statistic and were found to have significantly different distri- 
butions of responders and nonresponders, ,?(2)=6.61, 
p=0.036, at one hour post-infusion. The x? statistic for the 
comparable saline groups did not achieve statistical signifi- 
cance, x*(2)=0.506, p =0.687, suggesting that the two hour 
cage habituation period was by itself ineffectual in promoting 
the performance of short-latency maternal behavior. 


Retrieval Test 


Figure 2 indicates the proportion of animals in each group 
that carried three scattered pups to the nest during the 15 
minute retrieval test conducted 4 hours after the introduction 
of foster pups into the test cage. None of the oxytocin groups 
differed from its counterpart saline group on this measure. 
The largest difference in performance was again seen be- 
tween the oxytocin- and saline-treated groups habituated to 
the test cages only two hours before testing began: 6/8 (75%) 
of the oxytocin animals retrieved three pups compared with 
only 2/7 (28%) of the saline group. The ,? statistic for the 
three oxytocin groups, x7(2)=9.51, p=0.009, supports the 
conclusion that the tendency of an oxytocin-treated animal 
to perform this active component of maternal behavior was 
not independent of the duration of pre-test cage habituation. 


Found With Pups Next a.m. 


Figure 3 illustrates the proportions of the groups found 
with three warm pups grouped in a maternal nest the morn- 
ing after the initial behavior tests. All of the animals, regard- 
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FIG. 4. Effect of duration of cage habituation on proportion of 
groups retrieving 3 scattered pups during a 15 minute retrieval test 
conducted the morning after ICV infusion and introduction of pups 
into the test cage. Oxytocin groups: x*(2)=2.60, n.s. Saline groups: 
x7(2)= 1.41, n.s. 


less of habituation duration or ICV treatment, were equally 
likely to be found with pups grouped in a nest the next morn- 
ing. 


a.m. Retrieval Test 


Figure 4 shows the proportions of animals retrieving three 
pups within 15 minutes at the end of the next morning’s 
maternal behavior assessment. There appeared to be no 
statistically significant relationship between treatment and 
the proportion of animals responding to the stimulus of dis- 
placed pups with retrieval at this time, although Fig. 4 
suggests that the animals given the long term (one week) 
habituation to the test cage were the least likely to carry 
scattered freshly-fed pups to the nest, regardless of whether 
they had received ICV oxytocin or normal saline. 


DISCUSSION 


The previously reported pattern of results [6,15] was ob- 
served in the estrogen-primed animals infused with either 
oxytocin or normal saline and exposed to pups in cages that 
they had been housed in for only two hours. After only one 
hour of contact with foster pups, 87.5% of the oxytocin 
group vs. 28.5% of the normal saline-treated animals exhib- 
ited full maternal behavior. When animals were given the 
same treatment and behavior tests in their home cages, there 
was no difference between the performances of the saline- 
and oxytocin-treated animals (25% vs. 14.3%). There was 
also no difference in performance between the oxytocin- and 
saline-treated animals which were placed in the test cages 
with the foster pups immediately after receiving the ICV 
infusion. However, by the next morning (approximately 20 
hours after the ICV infusion), the differences among the 
oxytocin-treated groups were no longer as pronounced. Sur- 
prisingly, transfer to the test cage immediately after the 
oxytocin infusion did not appear to inhibit the oxytocin in- 
duction of short-latency maternal behavior as much as the 
one week habituation. 

How might the familiarity of the test environment influ- 
ence the display of short-latency maternal behavior? There 
was no difference in the latency to respond to pups across 
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the three saline-treated groups, indicating that it is the com- 
bination of the presence of raised levels of oxytocin in the 
central nervous system and short-term habituation to a novel 
environment that facilitates the performance of maternal be- 
havior in estrogen-primed nulliparous rats. This raises the 
possibility that some aspect of _ the rats’ 
endocrine/neurochemical responses to the novel environ- 
ment interacted with the oxytocin treatment to facilitate re- 
sponsivity to pups. When this undefined factor is absent be- 
cause the animals are tested in a very familiar environment, 
the combination of two days of estrogen priming and 400 ng 
of oxytocin cannot elicit short-latency maternal behavior in 
ovariectomized virgin rats. 

The balance of endogenous factors which synergize with 
exogenous oxytocin in an estrogen-primed animal appears to 
be rather delicate. Extreme novelty (the no habituation con- 
dition) did not enhance the likelihood of inducing short- 
latency maternal behavior with oxytocin compared with the 
home cage test paradigm. This suggests that too much of the 
novelty-induced factor may be inhibitory; alternatively, time 
may be required for this factor to *‘develop.’’ Since the ac- 
tion of even 400 ng of oxytocin is likely to be transient 
(half-clearance time for oxytocin in rat cerebrospinal fluid is 
estimated to be approximately 20 minutes) [13], the two hour 
cage habituation may have provided a serendipitous conjunc- 
tion of raised central levels of oxytocin and the endogenous 
aftereffects of transfer to a novel environment. As noted 
above, a major difference between successful [6,15] and un- 
successful [3,20] test procedures was that the latter inves- 
tigators tested the animals in their home cages. 

Simply removing a rat from its home cage and placing it in 
an unfamiliar container is a strong stimulus which produces a 
characteristic and graded pattern of neuroendocrine and be- 
havioral responses. These include release of glucocorticoids, 
epinephrine, and norepinephrine from the adrenals [9, 10, 11, 
16, 17, 19], a rise in circulating and central levels of ACTH 
[5,11], increased secretion of growth hormone from the pitui- 
tary [19], hyperglycemia [8], an increase in the amount of 
time spent grooming [2, 4, 12], and inhibition of food con- 
sumption [20]. These novelty-produced effects are above 
and beyond any responses to handling or transport (e.g., 
{12,16]). The regulation of these responses is complex, and 
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interactions are seen between the magnitude of individual 
responses to novelty and other factors such as the time in the 
light-dark cycle that testing is conducted [17, 19, 22]. 

Since little is known about factors regulating oxytocin 
action in the central nervous system, it is difficult to predict 
which of the novelty-induced changes are responsible for the 
differential behavioral effectiveness of this peptide under 
varying test conditions. For example, the role played by the 
novelty-induced rise in the levels of circulating 11- 
hydroxycorticosterone could be explored by studying the per- 
formance of adrenalectomized animals in the standard test 
procedure described above. Since four hours are required for 
glucocorticoid levels to return to normal after a cage transfer 
[17], the infusion of oxytocin at two hours after the transfer 
would have occurred at a time when levels were still ele- 
vated. It is also known that glucocorticoid effects on the 
central nervous system, as indexed by changes in behavior, 
can be quite rapid: for example, treatment of adrenalec- 
tomized rats with corticosterone one hour before open field 
testing will normalize the decreased exploratory behavior 
typical of such animals [23]. It would therefore be interesting 
to know if the oxytocin induction of short-latency maternal 
behavior could be obtained in adrenalectomized animals. 

It is possible that oxytocin effects on behavior need not 
be restricted to estrogen-dependent behaviors or respon- 
siveness to pups, but could instead reflect a more general 
change in stimulus responsivity, perhaps a regulation of re- 
sponses to novel environmental cues. In this case, oxytocin 
would not be thought of as a specifically ‘‘maternal’’ brain 
peptide, but would instead act to permit immediate expres- 
sion of estrogen priming during the first exposure to pups. 
This conceptualization of the relationship between estrogen 
and oxytocin’s actions with regard to short-latency maternal 
behavior predicts that altered levels of central oxytocin 
would affect responses to novel stimuli and situations other 
than pups and parturition. 
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THOMPSON, R., R. B. GIBBS, G. A. RISTIC, C. W. COTMAN AND J. YU. Learning deficits in rats with early 
neurotoxic lesions to the globus pallidus, substantia nigra, median raphe or pontine reticular formation. PHYSIOL 
BEHAV 37 (1) 141-151, 1986.—Previous studies have shown that weanling rats with electrolytic lesions of the globus 
pallidus (GP), substantia nigra (SN), median raphe (MR) or pontine reticular formation (PRF) are deficient in learning a 
wide variety of laboratory tasks. The current study was designed to investigate whether this nonspecific learning deficiency 
is due to destruction of cells intrinsic to these subcortical regions or to fibers passing through these regions. Accordingly, 
neurotoxic lesions of the GP, SN, MR or PRF were made in weanling rats using ibotenic acid. Rats were subsequently 
required to learn a visual discrimination, a 3-cul maze and a nonvisual (incline plane) discrimination. While those groups 
with GP, SN or MR lesions showed significant deficits on all three problems, only the animals with GP lesions exhibited 
deficits comparable in magnitude to those associated with corresponding electrolytic lesions. Animals with lesions to the 
PRF were impaired only on the nonvisual discrimination. These results suggest that while destruction of neurons alone 
within the GP, SN or MR can produce a nonspecific learning impairment, the combined destruction of neurons and fibers of 


passage within the SN, MR or PRF produces a more profound learning deficit. 
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THE regions of the globus pallidus (GP), substantia nigra 
(SN), median raphe (MR) and pontine reticular formation 
(PRF) have been proposed to be components of a neural 
mechanism subserving a relatively nonspecific function in 
learning in the albino rat [13]. The principal support for this 
proposal comes from the findings that adult rats with injuries 
to any one of these structures are deficient in learning both a 
visual and a nonvisual discrimination habit [11,12]. Further 
evidence has recently emerged from the findings that wean- 
ling rats sustaining small bilateral electrolytic lesions to the 
GP, SN, MR or PRF are likewise deficient in acquiring a 
diversity of laboratory tasks. Learning deficits have been 
noted on a visual (white-black) discrimination [19], a non- 
visual vestibular-proprioceptive-kinesthetic (up-down) dis- 
crimination [17], a maze with three blind alleys [19] and a 
series of problem-solving (detour) tasks [15]. Par- 
enthetically, this nonspecific function is not confined to 





learning; adult rats previously trained on various laboratory 
tasks exhibit marked retention deficits following lesions to 
the GP, SN, MR or PRF [13]. 

Since the foregoing series of experiments on young and 
adult rats utilized electrolytic methods to inflict injuries to 
the GP, SN, MR and PRF, it is not known to what extent the 
lesion-induced nonspecific learning loss is due to cell damage 
within the brain structure as opposed to the destruction of 
fibers of passage. In the absence of such information, it is 
difficult to proceed with an analysis of the functional rela- 
tionships that might exist among these structures. To de- 
termine if neurons intrinsic to these subcortical regions do 
indeed play a nonspecific role in learning, weanling rats re- 
ceived ibotenic acid lesions to the GP, SN, MR or PRF and 
subsequently were trained on a visual and nonvisual dis- 
crimination and a maze problem. Weanling rats were used in 
order to make this study comparable to the earlier reports 


1This research was supported, in part, by a grant from the Rehabilitation Center for Brain Dysfunction, Irvine, California. 
?Requests for reprints should be addressed to Robert Thompson, Fairview State Hospital, Costa Mesa, CA 92626. 
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[17,19] on the effects of subcortical electrolytic lesions on 
learning of the visual and nonvisual discriminations and 
maze problem. 


METHOD 
Subjects and Surgery 


A total of 112 weanling (21-23 day old) male Sprague- 
Dawley albino rats, 40-60 g, underwent surgery under deep 
chloral hydrate anesthesia (400 mg/kg). All lesions were ac- 
complished by the stereotaxic injection of ibotenic acid 
(Sigma) dissolved in 0.05 M phosphate-buffered saline (pH 
7.2) at a concentration of 10 ywg/ul. The infusate was deliv- 
ered at a rate of 0.1 1/30 sec via a 26 ga stainless steel needle 
connected to a 10 «1 Hamilton syringe. The needle was left in 
situ for three minutes following each injection. One group 
sustained bilateral injections (0.9 41 on each side) into the GP 
(with the head of the rat oriented horizontally in the 
sterotaxic headholder, the injection site was located 7.0 mm 
anterior to lambda, 2.7 mm lateral to the longitudinal sinus, 
and 5.9 mm ventral from the surface of the brain); the second 
received bilateral injections (0.8 ul on each side) into the 
lateral half of the SN (3.0 anterior, 2.2 mm lateral, and 7.2 
mm ventral); the third received a single midline injection 
(0.4 yl) into the region of the MR (1.5 mm anterior and 7.5 mm 
ventral); and the fourth received bilateral injections (0.4 ul on 
each side) into the paramedial portions of the PRF (1.2 mm 
anterior, 1.0 mm lateral, and 7.0 mm ventral). 

A separate control group was included for each experi- 
mental group. The animals composing these groups under- 
went the same surgical procedure as the animals of the 
corresponding experimental groups, but received no injec- 
tion. 

Postoperatively, the animals were housed, two to three 
per cage, in medium sized wire cages containing a constant 
supply of food pellets and water. During the first postsurgical 
week, a dish of fresh, sweetened, wet mash was placed daily 
in each cage. Following a 3 week recovery period, the 
animals were weighed and subsequently introduced to the 
visual discrimination problem. All animals were handled 
periodically during the recovery period, were maintained on 
12 hour light-dark cycle with lights on at 0600, and were 
trained only during the light phase. 


Apparatus 


Visual discrimination. A two-choice Thompson-Bryant 
discrimination box (see [10]), utilizing the motive of 
escape-avoidance of foot shock, was employed. (The indi- 
vidual foot shocks, which were approximately 0.5 sec in du- 
ration, varied from 1.0 to 1.5 mA.) The start box and choice 
chamber contained a grid floor; the goal box floor was made 
of wood. Two windows, 14.0 cm?, located at the end of the 
choice chamber provided the only means by which the 
animal could enter the goal box. Two pairs of stimulus cards 
mounted on wooden blocks were used in the apparatus. One 
pair (medium gray cards) was employed in training the 
animals to displace a card in order to gain access to the goal 
box. The second pair consisted of a white card and a black 
card. The entire apparatus was painted flat black, except for 
the grid floor, vertically sliding Plexiglas start box door and 
Plexiglas lid. Illumination of the apparatus was provided by 
conventional ceiling fluorescent lights and a pair of fluores- 
cent lamps (20 W each) placed 2.0 cm above the lid of the 
choice chamber. The apparatus was housed in a sound- 
attenuated room. 
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Maze. An enclosed 3-cul maze was employed which was 
designed for the use of the motive of escape-avoidance of 
foot shock. The start box and maze proper contained a grid 
floor, while the goal box floor was constructed of wood. The 
true path, which measured 120.5 cm from the start box exit 
to the goal box entrance, consisted of a 90° turn to the left 
(avoiding the first cul), a 180° turn to the right (avoiding the 
second and third culs), followed by a 90° turn to the left (see 
[10]). The entire apparatus was painted flat black, except for 
the grid floor and Plexiglas lid. The apparatus was located in 
a sound-attenuated room that was illuminated by conven- 
tional ceiling fluorescent lights. No effort was made to con- 
trol for intramaze olfactory cues or any extramaze cues. 

Incline plane discrimination. An enclosed single unit 
T-maze, adapted for the use of the motive of escape- 
avoidance of foot shock, was employed to develop the 
vestibular-proprioceptive-kinesthetic discrimination habit 
[10,14]. The stem of the T served as the start box and the left 
and right arms constituted the choice chamber. At the end of 
each arm was a window through which the rat could enter 
the end box by pushing aside a black card mounted on a 
wooden block. The stem and arms of the T had a grid floor, 
while each end box floor was made of wood. The entire 
apparatus was secured to a platform which could be tilted 11° 
laterally and was located in a sound-attenuated room illumi- 
nated by conventional ceiling fluorescent lights. 


Procedure 


Each animal was required to learn, in succession, the 
visual discrimination problem, the maze problem, and the 
incline plane discrimination problem. During the course of 
training, the experimenter was unaware of the group to 
which each subject belonged. 

Visual discrimination. On Day 1, each rat was allowed to 
explore the goal box for 10 minutes. The windows were 
blocked during this time to prevent the animal from entering 
the choice chamber. Subsequently, the animal was placed in 
a restraining cage for 10 minutes and then returned to the 
home cage. 

On Day 2, each rat was trained to run into the choice 
chamber from the start box, displace one of the cards block- 
ing the window, and enter the goal box in order to escape 
from (or avoid) foot shock. 

On Day 3, training on the brightness discrimination was 
begun. An approach response to the unlocked white card 
(positive) admitted the animal to the goal box, but an ap- 
proach response to the adjacent locked black card (negative) 
was punished by foot shock, the animal subsequently being 
forced to respond to the white card in order to gain entrance 
into the goal box. An error was defined as an approach re- 
sponse to the black card which brought the animal’s forefeet 
into contact with the charged grid section located 8.0 cm in 
front of the negative card. The position of the positive (and 
negative) card was switched from the right to the left window 
in a sequence mixed with single and double-alternation runs. 
Usually, 8-12 trials were given daily with an intertrial inter- 
val of 60-90 sec. The criterion of learning consisted of the 
first appearance of either a “‘perfect’’ or ‘‘near-perfect”’ run 
of correct responses having a probability of occurrence of 
less than 0.05 [8], followed by at least 75% correct responses 
in the block of 8 trials given on the next day. 

The specific training procedure was as follows: The 
animal was placed in the start box and the start box door was 
raised. Failure to leave the start box within 5 sec was fol- 
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lowed by foot shocks until the animal entered the choice 
chamber. No further foot shocks were given unless the 
animal made an error or failed to respond to one of the cards 
within 5 sec. The animal was allowed to remain in the goal 
box for 10 sec, after which it was carried to the restraining 
cage to await the next trial. The animals were run in squads 
of two or three. 

Maze. Each animal was first habituated to the goal box 
for 5 minutes. Subsequently, it was placed in the start box 
and the start box door was raised. Failure to leave the start 
box within 5 sec was followed by foot shocks until the animal 
entered the maze proper. No further foot shocks were ad- 
ministered unless the animal made an error (entered a blind 
alley by at least the length of its head and thorax) or stopped 
forward progression in the maze. Upon entering the goal 
box, a guillotine door was lowered to prevent reentry into 
the maze. The animal was permitted to remain in the goal 
box for 10 sec, after which it was transferred to the restrain- 
ing cage to await the next trial. Four trials were given daily 
with an intertrial interval of 60-90 sec. Training was termi- 
nated when the animal made no more than one error in two 
consecutive days. The animals were run in squads of two or 
three. 

Incline plane discrimination. The animals were first 
habituated to each end box for 5 minutes and then were 
trained to run into one of the arms from the start box, dis- 
place the card blocking the window, and enter the end box in 
order to escape from (or avoid) foot shock. During this 
period, the apparatus was in the horizontal position. One 
hour later, the animals were blinded by enucleation under 
deep chloral hydrate anesthesia. 

On the following day, the animals were trained on the 
vestibular-proprioceptive-kinesthetic discrimination. An ap- 
proach response to the upward sloping arm led to an end box 
which could be entered by displacing the unlocked card, 
whereas an approach response to the downward sloping arm 
led to a locked card preventing the animal from entering the 
end box on that side. An error (approach to within 10.8 cm of 
the locked card) was punished by charging the grid section 
located below the locked card. The position of the correct 
(and incorrect) arm varied from the right to the left side in a 
sequence mixed with single and double-alternation runs and 
8-12 trials were usually administered each day with an inter- 
trial interval of 60-90 sec. The criterion of learning and the 
specific training procedure were the same as those described 
for the visual discrimination task. 


Histology 


At the conclusion of postoperative testing, the animals 
were anesthetized with chloral hydrate and perfused with 
normal saline followed by 10% formalin. The brains were 
post-fixed in 10% formal saline/30% sucrose for 2-4 days. 
Fifty micron frozen sections in the coronal plane were col- 
lected from each brain through the lesioned area. Every third 
section was mounted serially on gelatin-coated slides, 
stained with cresyl violet, and cover-slipped with DePeX 
mounting medium (Gurr products). Adjacent sections were 
stained for the presence of acetylcholinesterase (AChE) ac- 
cording to a modified copper-thiocholine method [5] using 
iso-OMPA (tetraisopropylprophosphoramide, 4x 10~> M) to 
inhibit nonspecific cholinesterase. Sections stained for 
AChE were also mounted onto gelatin-coated slides, dehy- 
drated, and cover-slipped with DePeX. 


TABLE 1 


NUMBER OF RATS FROM EACH GROUP THAT UNDERWENT 
SURGERY, DIED AND COMPLETED BEHAVIORAL TESTING 





Died Died 
Within After 
48 Hr 48 Hr 


Completed 
Behavioral 
Testing 


Underwent 


Group Surgery 








Measures of Performance and Statistical Analyses 


Performance measures consisted of both trials to criterion 
and initial errors to criterion. A third measure (total errors to 
criterion) was also included to account for the presence of 
multiple (repetitive) errors within a given trial. In the case of 
the discrimination problems, multiple errors occurred when 
the animal retreated from the charged grid section below the 
locked card and then approached the same charged grid sec- 
tion a second (third, fourth, etc.) time. For the maze, multi- 
ple errors occurred when the animal reentered any one of the 
three blind alleys. Thus, total errors to criterion consisted of 
the sum of approaches to the locked card (or blind alleys) 
that culminated in foot shock. 

Intergroup differences in mean performance scores were 
evaluated by the Mann-Whitney U test (two-tailed), pro- 
vided that the Kruskal-Wallis one-way analysis of variance 
yielded an H that was significant at least at the 0.05 level. 
Since the four separate control groups, each consisting of 6 
animals, were virtually indistinguishable from each other in 
terms of immediate postoperative behavior, body weight, 
and performance scores on the three problems, they were 
combined into one major control group (Group C) for statis- 
tical purposes. 


RESULTS 
Immediate Postoperative Observations 


Of the original 112 weanling rats that underwent surgery, 
33 died within 48 hr. Of those surviving the first two 
postsurgical days, only three died prior to the introduction of 
the learning tests. Table 1 shows the number of animals from 
each group that died and those that completed behavioral 
testing. The mortality rates for Groups C,GP,SN,MR, and 
PRF were approximately 4, 43, 22, 47, and 44%, respec- 
tively. 

Intergroup differences were observed in relation to the 
interval between the completion of surgery and the assump- 
tion of a quadrupetal position. The animals of Group C usu- 
ally righted themselves within 1-2 hr after surgery. This 
period was not much longer for the animals of Group GP. In 
contrast, animals in Groups SN, MR, and PRF appeared to 
be in a comatose state for at least 12 hr and it was not un- 
common to observe those of Group PRF to be comatose for 
as long as 36 hr. Tail pinch evoked a response during this 
period, but did not lead to righting. 

One other feature of interest concerns the behavior of the 
animals of Group GP soon after recovery from surgery. 
These animals almost invariably were found to gnaw the wire 





FIG. 1. Frontal sections at successive levels of the brain showing the 
smallest (dark shaded areas) and largest (light shaded areas) ibotenic 
acid lesions to the globus pallidus. Abbreviations: AC: anterior 
commissure; AH: anterior hypothalamus; CC: corpus callosum; CP: 
caudoputamen; F: fornix; GP: globus pallidus; HC: hippocampal 
commissure; ICP: internal capsule; LP: lateral preoptic area; MP: 
medial preoptic area; OC: optic chiasma; SL: lateral septal nucleus; 
SM: stria medullaris; TH: thalamus. 


mesh floor of the home cage. This behavior, which persisted 
uninterruptedly for several hours, may be related to excita- 
tion of those pallidal elements concerned with ingestive be- 
haviors [4,9]. None of the animals of the remaining groups 
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were noted to gnaw the wire mesh floor for any extended 
period after recovery from surgery. 


Histological Analysis 


Histological analysis was carried out on those experi- 
mental and control rats that completed the learning tests. 
The area in which there was extensive loss of neurons or the 
presence of gliosis defined the extent of the lesion. 

In Group GP, the lesions were located mainly within the 
GP and took on an elongated shape along the axis of the 
infusion needle (Figs. 1 and 2B). Neuronal degeneration 
usually extended rostrally into the ventromedial sector of the 
caudoputamen and only in a few cases was gliosis detectable 
either ventrally in the preoptic-supraoptic hypothalamus or 
laterally in the adjacent caudoputamen. In most cases, a 
number of large cholinesterase-reactive cells situated in the 
ventromedial corner of the GP appeared undamaged. The 
AChE stained sections also revealed that the cho- 
linesterase-positive fiber tracts within the lesioned area 
were essentially uncompromised (Fig. 2C). (Similar obser- 
vations were made in relation to the integrity of the 
cholinesterase-positive fiber systems within the lesioned 
areas of the animals in Groups SN, MR, and PRF.) 

In Group SN, the lesions were more elliptical in appear- 
ance and involved mainly the lateral parts of the pars com- 
pacta and the pars reticulata of the SN (Figs. 3, left column, 
and 4B). In all cases, gliosis extended dorsally into the mid- 
brain reticular formation medial to the medial geniculate nu- 
cleus. The more rostrally situated zona incerta remained 
largely free of neuronal degeneration. 

In Group PRF, the area of neuronal degeneration and 
gliosis was quite small and mainly limited to the paramedial 
portion of the pontomesencephalic and PRF (Figs. 3, right 
column, and 4D). 

Examination of the lesions in those 16 animals composing 
Group MR disclosed marked neuronal loss within the MR in 
only five animals (Figs. 5, right column, and 6D). The re- 
maining animals suffered more anterior lesion placements 
(Figs. 5, left column, and 6B) involving the nucleus linearis 
(NL). In all cases examined, the interpeduncular, rubral, and 
oculomotor nuclei appeared undamaged. In light of this out- 
come, these 16 animals were divided into two groups, one 
designated Group MR and the other Group NL. 


Body Weight 


After a 3 week recovery period, the mean (and range of) 
body weights of Groups C, GP, SN, MR, NL, and PRF were 
180 (151-214), 153 (108-187), 177 (152-198), 173 (148-184), 
179 (152-182), and 167 g (127-202 g), respectively, and were 
not significantly different (Kruskal-Wallis, p>0. 10). 


Learning 


Table 2 summarizes the performance scores for all 
groups on the visual discrimination, maze, and incline plane 
discrimination problems. The groups were significantly dif- 
ferent, H(5)>12, p<0.05, with respect to trial, initial error, 
and total error scores on the visual as well as the incline 
plane discrimination problems. On the maze problem, how- 
ever, the groups differed significantly, H(5)=11.5, p<0.05, 
only in terms of total error scores. 

As shown in Table 2, separate Mann-Whitney tests dis- 
closed that Groups GP, SN, and MR were significantly in- 
ferior to the controls in learning the visual, maze, and incline 
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FIG. 2. Photomicrographs of frontal sections through the region of the globus pallidus. A. Cellular elements within the GP in a control brain 
(cresyl violet stain). B. Cellular elements within a brain injected with ibotenic acid (cresyl violet stain). C. Cellular elements within a brain 
injected with ibotenic acid (AChE stain). Note the conspicuous loss of cells and extensive gliosis in B and the large cholinersterase-reactive 


cells (indicated by arrows) in C. 


plane tasks with respect to at least one of the three measures 
of performance. In contrast, Groups NL and PRF were im- 
paired only in the acquisition of the incline plane problem. 


Other Behavioral Observations 


All experimental (and control) rats appeared healthy and 
alert after a 3 week recovery period. They did not manifest 
any motor abnormalities and their escape-avoidance re- 
sponses to foot shock appeared unimpaired to the extent that 
they usually required no more than one or two foot shocks to 
initiate running in the discrimination and maze situations. 
Some of the animals (approximately 25% in Group C, 50% in 
Group GP, 29% in Group SN, 34% in Group NL, 20% in 
Group MR, and 22% in Group PRF) evidenced rapid (ballis- 
tic) running from the start box toward the goal box, but this 
‘aberrant’ reaction to aversive motivation usually subsided 
when a delay of 10-20 sec was routinely imposed between 
inserting the animal into the start box and raising the start 
box door. 


DISCUSSION 


According to earlier reports [17,19], weanling rats sustain- 
ing electrolytic lesions to the GP, SN, or MR are inferior to 
controls in learning a visual discrimination, a 3-cul maze, and 
a nonvisual incline plane discrimination. As shown in the 
current study, selective ibotenic acid lesions to these sub- 
cortical sites in weanling rats produced significant learning 
impairments on the same series of laboratory problems. This 
pattern of results suggests that those neurons intrinsic to the 
GP, SN and MR not only are important for the normal ac- 


quisition of discrimination and maze habits, but may under- 
take a relatively nonspecific function in the learning process. 

Further evidence that those cells within the GP and MR 
are involved in the general learning process comes from the 
recent studies by Flicker, Dean, Watkins, Fisher and Bartus 
[3] and Asin and Fibiger [1]. The former showed that rats 
with ibotenic acid GP lesions are inferior to controls in ac- 
quiring both active and passive avoidance responses, while 
the latter showed that rats with ibotenic acid MR lesions are 
retarded in learning a food-reinforced delayed alternation 
habit. It remains to be seen whether ibotenic acid SN lesions 
will produce learning impairments on problems besides dis- 
crimination and maze habits. However, it should be noted 
that rats subjected to injections of 6-hydroxydopamine into 
the zona compacta of the SN are profoundly deficient in 
learning both an active avoidance response and a simple 
appetitively-motivated approach response [3]. 

Of special interest was the finding that the learning defi- 
cits noted in our animals with ibotenic acid GP lesions were 
not significantly different in magnitude from those noted in 
animals with electrolytic GP lesions. The former, for exam- 
ple, required a mean of about 72, 9 and 22 trials, respec- 
tively, to learn the visual, maze and incline plane problems, 
whereas the latter required a mean of about 55, 10 and 20 
trials [19]. Although the two experiments were not exactly 
comparable in methodology (a separate group of lesioned 
rats learned the maze problem in the earlier study), they do 
suggest that the learning impairments arising from electroly- 
tic GP lesions can be attributed to loss of cells rather than 
damage to fibers of passage. 

On the other hand, the learning deficits associated with 
ibotenic acid SN or MR lesions were markedly smaller than 
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FIG. 3. Frontal sections at successive levels of the brain showing the smallest (dark shaded areas) and 
largest (light shaded areas) ibotenic acid lesions to the substantia nigra (left column) and pontine 
reticular formation (right column). Abbreviations: CG: central gray; CP: cerebral peduncle; IC: in- 
ferior colliculus; IP: interpeduncular nucleus; MB: mammillary bodies; MG: medial geniculate nu- 
cleus; MR: median raphe; MRF: mesencephalic reticular formation; NL: nucleus linearis; P: pons; PR: 
pretectum; PRF: pontine reticular formation; SC: superior colliculus; SN: substantia nigra. 
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reticulata (r) in a control brain. B. Substantia nigra in a brain injected with ibontenic acid. C. Pontine 
reticular formation in a control brain. D. Pontine reticular formation in a brain injected with ibotenic acid. 
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FIG. 5. Frontal sections at successive levels of the brain showing the smallest (dark shaded areas) 
and largest (light shaded areas) ibotenic acid lesions to the nucleus linearis (left column) and 
median raphe (right column). See Fig. 3 for abbreviations. 


those associated with electrolytic SN [19] or MR [17] lesions. 
While this outcome could arise from differences in the mag- 
nitude or topography of the ibotenic acid lesions as com- 
pared to the electrolytic lesions, it could also be due to the 
sparing of fibers of passage that occurs with the use of 
ibotenic acid lesions. 

That damage to both neurons and fibers of passage may 
be necessary to elicit marked learning deficits in rats with 
brainstem lesions is further attested by the finding that 


ibotenic acid lesions of the NL or PRF, while producing a 
significant impairment on the incline plane problem, failed to 
produce a significant impairment on the visual or maze prob- 
lem. Electrolytic lesions to these brainstem structures, in 
contrast, have been reported to produce dramatic deficits in 
learning all three problems [17]. The origin of these fibers of 
passage within the NL and PRF (as well as within the SN and 
MR) that may be significant for learning in the rat must await 
further study. 
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TABLE 2 
MEAN LEARNING (TRIAL AND ERROR) SCORES FOR ALL GROUPS 





Trials 


Group Mean Range 


Initial Errors 


Mean 


Total Errors 


Range Mean Range 





Visual Discrimination 


2-13 
4-13 
2-17 
3413 
37 

313 


13.5 


34.07 
17.5* 
15.2 
14.6 


14.5 


8-19 
16-49 
11-31 
13-21 
10-30 
10-20 


Maze 


et 
10.8 


10.6 


10.6 


7.3 
10.1 


3-15 
5-16 
4-29 
6-15 
3-12 
4-31 


Incline Plane Discrimination 


11.7 
22.17 
15.2 
16.0 
18.2* 
i og 


5-25 
12-39 
7-30 
10-26 
5-27 
2-27 


GP 
SN 
MR 
NL 
PRF 


6.2 


10.67 


8.2 
7.6 


9.0* 
8.1* 


3-11 
7-17 
3-16 
6-11 
3-15 
1-13 





*Differs from controls, p<0.05. 
tDiffers from controls, p<0.01. 


Granting that neurons within the GP, SN and MR con- 
tribute to the learning process, the question arises concern- 
ing the specific cell group(s) that may be involved. With 
respect to the GP, there is some _ evidence that 
cholinesterase-reactive neurons (nucleus basalis magnocel- 
lularis) lying in the vicinity of the ventromedial sector of the 
GP play a greater role in active and passive avoidance learn- 
ing than non-cholinesterase-reactive cells lying more dor- 
sally and laterally within the GP [3]. Although the neurotoxic 
lesions to the ventromedial GP reported here were similar in 
magnitude to those examined by Flicker et al. [3], a corre- 
sponding group with dorsolateral GP lesions was not in- 
cluded in our study. Furthermore, while the present study 
showed that some cholinesterase-positive cells in the nu- 
cleus basalis were intact, no determination was made of cor- 
tical (or hippocampal!) choline acetyltransferase activity. 
Consequently, it is uncertain whether the discrimination and 
maze deficits that were observed arose primarily from dam- 
age to cholinergic efferents from the nucleus basalis or from 
non-cholinergic efferents from the GP. 

Similarly, it is not possible to determine from the current 
data whether the critical cell group in the region of the SN 
resides within the pars compacta, pars reticulata or suprani- 
gral reticular formation or whether the critical cell group in 
the region of the MR involves serotonergic or non- 
serotonergic elements. According to earlier findings, 
dopaminergic cells within the SN [2] and non-serotonergic 
cells within the MR [1] may play a general role in learning. 


The nature of the learning impairments associated with 
ibotenic acid lesions to the GP, SN or MR also remains 
unclear, but it is probably not referable to a specific kind of 
deficit. For example, behavioral observations failed to pro- 
vide any evidence that these lesions provoked either a 
motor, motivational or emotional disorder. (The presence of 
learning or retention deficits associated with selective le- 
sions to the GP, SN and MR is not conditional upon the use 
of aversive motivation—see [15,18].) A specific sensory loss 
is unlikely since visual cues were relevant for the acquisition 
of one of our discrimination tasks, while vestibular- 
proprioceptive-kinesthetic cues were relevant for the acqui- 
sition of our other discrimination task. A disturbance in 
‘cognitive mapping’’ [6] or “‘working memory” [7], while 
possibly explaining the deficit in maze learning, would not 
serve as a Satisfactory explanation for the discrimination 
learning deficits since weanling rats prepared with hip- 
pocampal lesions are able to learn the visual and incline 
plane discrimination problems about as fast as controls 
[16,20]. A defect in inhibitory or attentional processes could 
conceivably account for the nonspecific learning impairment 
as could a defect at one of the higher levels of information 
processing, such as “‘executive functioning.’ Whatever the 
defect (or set of defects) responsible for the appearance of a 
nonspecific learning impairment in rats with GP, SN or MR 
lesions, it will undoubtedly have the feature of explaining the 
nonspecific retention impairment that also is associated with 
these lesions [13]. 
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KOW, L.-M. AND D. W. PFAFF. Vasopressin excites ventromedial hypothalamic glucose-responsive neurons in vitro. 
PHYSIOL BEHAV 37(1) 153-158, 1986.—Effects of vasopressin (AVP), oxytocin (OXY), norepinephrine (NE), and 
glucose on the single-unit activity of hypothalamic ventromedial nucleus (VMN) in tissue slices were studied. While AVP 
was exclusively excitatory on 58% of the neurons, OXY could be excitatory or inhibitory and affected only 42% of the 
neurons. There was no correlation between the responses to these two peptides. Each of these two peptides could 
desensitize neuronal response to itself, but did not cross-desensitize responses to each other. These results indicate that 
AVP and OXY do not act on the same population of VMN neurons through the same cellular mechanism. Furthermore, 
only the responses to AVP were correlated to responses to glucose and NE, two agents relevant to central regulation of 
feeding. This correlation with responses to feeding-relevant agents and the exclusively excitatory action on the VMN, 
which is involved in the regulation of feeding, suggest that AVP can play a role in the regulation of feeding, particularly the 
feeding induced by the injection of NE into the paraventricular nucleus, that is known to alter AVP release. 
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IT is now well-established that norepinephrine (NE) is in- 
volved in the central regulation of feeding [30] and that a 
primary site of the feeding-induced effect of NE is the 
paraventricular nucleus of the hypothalamus (PVN) [17,29]. 
It is further known that the feeding-inducing effect of NE is 
mediated by a.-adrenoreceptors [35]. However, beyond this, 
very little is known about the neural mechanism(s) underly- 
ing the NE effect. 

The PVN is known to be heavily innervated by adrenergic 
inputs from the brainstem [31,51], and rich in vasopres- 
sinergic and oxytocinergic neurons [46]. Furthermore, direct 
synaptic connections between adrenergic terminals and vaso- 
pressinergic and other types of neurons have been demon- 
strated [49], indicating that the former can affect the electri- 
cal and neurosecretory activity of the latter. Indeed, various 
studies using lesioning [10,56], electrophysiological [5,39], 
neuropharmacological [37, 47, 54], and in vitro perfusion 
techniques [4] have indicated that NE inhibits the secretion 
of arginine vasopressin (AVP) and oxytocin (OXY) from the 
PVN. Interestingly, NE has also been shown to stimulate the 
electrical activity of vasopressinergic neurons [18, 19, 45] 
and the in vivo release of AVP [11, 12, 28, 36]. These oppos- 
ing results on the effects of NE on hormone release are not 
necessarily conflicting, because there is evidence that, like 
its effect on the secretion of luteinizing hormone [44] and on 
neuronal activity [6], NE can both stimulate and inhibit the 
release of AVP (and probably OXY and other neuropeptides 
in the PVN) through different cellular mechanisms. The NE 
stimulation of AVP release was apparently mediated by a,- 


adrenoreceptors, because the activity of vasopressinergic 
neurons was facilitated by NE through this type of receptor 
[45]. In contrast, AVP release was reportedly inhibited by an 
a,-adrenergic agonist, clonidine [50], which can duplicate the 
feeding-inducing effect of NE [35]. The opposing effects of 
NE on AVP release also differed in the sites of action: in 
hypothalamic explants, NE could inhibit [4], but not stimu- 
late [12], AVP release. This difference suggests that NE acts 
on neurons in the hypothalamus to inhibit, but on those out- 
side the hypothalamus to stimulate, AVP release. Since the 
feeding-inducing effect of NE is mediated by a,-adrenergic 
receptors [35], and the primary site of action of this effect is 
the PVN [17,29], NE appeared to induce feeding and the 
inhibition of AVP release through the same type of receptor. 
It follows that the AVP released from PVN should act on 
other neural substrates to inhibit feeding. To test this notion, 
the effects of AVP and OXY on the single-unit activity of the 
hypothalamic ventromedial nucleus (VMN) were investi- 
gated. The VMN rather than the PVN was chosen for the 
following reasons. Firstly, there are many different types of 
neurons in the PVN, and so far there has been no reliable 
way to identify neurons relevant to feeding. Secondly, since 
the PVN itself contains vasopressinergic and oxytocinergic 
neurons, a neuronal response to AVP and OXY may simply 
reflect feedback regulation of these hormones. Thirdly, on 
the basis of immunocytochemical studies [58], it is reason- 
able to assume that most of the vasopressinergic and 
oxytocinergic axonal terminals are located outside the PVN. 
Therefore, for the study of the effects of AVP and OXY on 
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FIG. 1. A representative example of neuronal response to AVP from 
an antidromically-identified unit that had no resting discharge. A: 
The neuronal response to a microinjection of AVP, indicated by the 
arrow, displayed as a firing rate histogram. Note that the firing rate 
increased abruptly within a minute after the microinjection. B: 
Photograph of the oscilloscopic display of the neuronal activity dur- 
ing the 2-min period defined by the 2 arrows below A. The first 10 
equally spaced vertical lines are action potentials antidromically 
evoked by a 0.5 Hz stimulation. The closely spaced vertical lines are 
action potentials evoked by AVP. Note that the neuron began to fire 
abruptly and reached the peak firing rate in about 15 sec. C: A 
superimposition of a single AVP-evoked (arrow) and several 
superimposed antidromically-activated (arrow head) action poten- 
tials. Note that following the AVP-evoked potential, no action po- 
tential was activated antidromically (i.e., no ptoential appeared at 
the position of the arrow head), indicating that there was a collision 
between the two types of potentials. The collision, in turn, indicates 
that both the AVP- and antidromically-evoked action potentials 
originated from a single neuron. 


neuronal activity, it would be more appropriate to study neural 
substrates outside the PVN. Fourthly, the VMN is suitable 
not only because it is also involved in the regulation of feed- 
ing [43], but also because the feeding-relevant neurons in the 
VMN can be identified by their responses to glucose ans NE. 
Since glucose can affect feeding through central mechanisms 
[34,43] and infusion of NE into the VMN could induce feed- 
ing [9], a VMN neuron responsive to either or, especially, to 
both agents can reasonably be assumed to be involved in the 
regulation of feeding. Such neurons have been found in the 
VMN [26, 27, 42], and were used in the present study to 
assess the relevance of neruonal responses to AVP and OXY 
to the regulation of feeding. Finally, the PVN has recently 
been shown to project directly to the VMN through chemi- 
cally unidentified fibers [16,32] and through an en- 
kephalinergic projection [57]. Since enkephalins have been 
shown to co-exist with vasopressin and oxytocin [33], it is 
probable that there are vasopressinergic and oxytocinergic 
projections from the PVN to the VMN. However, AVP and 
OXY can also be secreted into the cerebrospinal fluid (CSF), 
and could use the CSF as an avenue to reach various central 
neural substrates for the regulation of biological functions 
[38,52]. 

In the present study, hypothalamic tissue slices, contain- 
ing VMN but not PVN, were used to aviod (a) uncontrolled 
influences from peripheral and distant central nervous sys- 
tem; (b) indirect effects of the test agents; and (c) the me- 
tabolism of peptide hormones before they reach the neurons 
recorded. 


METHOD 


The methods employed here were similar to those that 
were described in more detail elsewhere [26,27]. Briefly, thin 
(400 x), coronal, hypothalamic slices were prepared, with a 
Vibratome, from ovariectomized, Sprague-Dawley rats 
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FIG. 2. Direct stimulation and desensitizing actions of AVP and 
OXY. The traces show the firing rate histogram of single neurons, 
and the arrows indicate the microinjection of the peptide indicated. 
A and B show record of excitatory responses to three consecutive 
AVP microinjections. The desensitization by repeated peptide ap- 
plications given at a short, but not long, interval can easily be seen 
by comparing the amplitude of the three responses. C shows a 
neuron excited by AVP, but not OXY. It also shows that the micro- 
injection of OXY did not desensitize the neuron’s response to AVP. 
D shows that the stimulatory action of AVP did not desensitize the 
excitatory response of a neuron to OXY. E shows a neron that 
responded to both AVP and OXY in the same direction with similar 
time course and amplitude. 


either primed with estrogen (n=21) or not (n= 18). Relying on 
anatomical landmarks, such as the shape of the third ventri- 
cle, that are visible during slice-sectioning, three slices 
which contain the posterior, middle, and rostral third of the 
VMN, respectively, were collected and stored in series. 
These slices also contain the dorsomedial nuclei, arcuate 
nuclei, periventricular region, median eminence, and small 
portions of zona incerta and lateral hypothalamus, but not 
the PVN. For experiments, a selected slice was submerged 
in a slice-chamber (2 ml in volume), which was continuously 
perfused with an artificial cerebrospinal fluid containing a 
high concentration of glucose (HG-ACSF) at 2 ml/min. The 
HG-ACSF was composed of (in mM): NaCl, 120; KCl, 
5.0; KH.PO,, 1.2; MgSO,, 1.3; CaCl,, 2.4; NaHCO,, 26; and 
dextrose, 20. Extracellular single-unit activity was recorded 
conventionally from the VMN in the tissue slice, and the 
firing rate was displayed as a histogram (Fig. 1A). 

Since many VMN neurons were silent or nearly so, elec- 
trical stimulation (monophasic pulses, 0.2 mS, 0.5 Hz, and 
up to 400 wA) was applied on the periventricular region me- 
dial to the VMN to activate and identify them (Fig. 1). Or- 
thodromic and antidromic responses were defined with 
criteria described in a previous report [26]. 

To study neuronal responses, 50 ul of AVP (4 uM), OXY 
(4 4M), and NE (0.5 mM) were microinjected, one at a time, 
into the slice-chamber. Measurements from two independent 
methods [26] showed that a microinjected agent was diluted 
by an average of about 40 times when it reached the tissue 
slice. In the early half of the study, only the responses to 
AVP and, sometimes, NE, were investigated. In the latter 
half of the study, a unit was tested with as many test agents 
as the condition of the unit allowed. In order to control se- 
quence relevant variables, the order of the application of test 
agents was kept as constant as possible. Usually, a unit was 
tested with glucose, initially, and then with AVP, OXY, and 
NE, except in cases intended for studying the desensitization 
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FIG. 3. Neuronal responses to both glucose and AVP. Short arrows 
connected by a horizontal line indicate the switches of perfusion 
from the high (20 mM)- to the low (5 mM)-glucose ACSF at | and 
back to HG-ACSF at f. 


and cross-desensitization. To aviod the effect of desensitiza- 
tion, a tissue slice was replaced after a unit was studied, and 
was not reused for at least one hour. A glucose stimulation 
was achieved by a switch of perfusion from HG-ACSF to a 
low-glucose ACSF (LG-ACSF) for several minutes. A com- 
plete turnover of the ACSFs in the slice-chamber took 2 to 3 
min. The LG-ACSF contained 5, instead of 20, mM of glu- 
cose, and the reduction in glucose was compensated by an 
addition of 7.5 mM of NaCl to maintain constant osmolarity. 
A change, and only when it was reversible, in firing rate 
following a chemical stimulation was regarded as a response. 

For statistical analyses, Chi-Square or Fisher Exact 
Probability test was used, and all p-values were two-tailed. 


RESULTS 


Of the 124 units tested with AVP, 72 (58%) were excited 
and the remaining units showed no response (Figs. 1, 2 and 
3). Oxytocin was tested in 36 units, of which 10 (28%) were 
excited, 5 (14%) inhibited, and the others showed no re- 
sponse. Thus, when effective, AVP was exclusively excita- 
tory, while OXY could be excitatory or inhibitory on VMN 
neurons. 

In addition to direct actions on neuronal activity, both 
AVP and OCY could also desensitize neuronal responses to 
the peptides themselves. That is, application of a peptide 
attenuated the neuronal response to a consequent applica- 
tion of the same peptide given at a short interval (Fig. 2A and 
B). The application of OXY, however, did not desensitize 
neruonal response to AVP (Fig. 2C), or vice versa (Fig. 2D). 
Such a lack of cross-desensitization was observed in 9 cases 
which were tested, and was also obvious in another 9 cases 
which were not tested specifically for this phenomenon. 
Thus, although AVP and OXY could each desensitize 
neuronal responses to themselves, there appeared to be no 
cross-desensitization between the two peptides. 

In order to see whether AVP and OXY affect VMN 
neurons independently, 30 units were subjected to the stimu- 
lation by both peptides. Although some units responded to 
both peptides in similar ways (Fig. 2E), others responded 
only to one peptide (Fig. 2C) or to the two peptides in oppo- 
site ways. Statistical analysis showed that there was no sig- 
nificant correlation between neuronal responses to AVP and 
OXY (Table 1). These results indicate that the two peptides 
affect different, though overlapping, populations of VMN 
neurons. 

Some units were subjected to stimulation by the two pep- 
tides as well as by glucose and/or NE. Of the 50 units tested 
with glucose, 20 units (40%) showed a decrease, 3 (6%) 


TABLE | 


CORRELATION BETWEEN NEURONAL RESPONSES TO 
VASOPRESSIN (AVP) AND TO OXYTOCIN (OXY) 





Numbers of Units in Response to: 





OXY 





Excitation Inhibition No Response p* 





Excitation { 14 
Inhibition 
No Response 





*Chi-square test (2x2). Numbers of excitation and inhibition to 
each peptide were pooled. 


TABLE 2 


CORRELATIONS OF NEURONAL RESPONSES TO VASOPRESSIN 
(AVP) AND OXYTOCIN (OXY) WITH THOSE TO GLUCOSE AND 
NOREPINEPHRINE (NE) 





Numbers of Single Units Responsive (Resp) or 
Non-Responsive (NR) to: 





Glucose NE 





Resp NR Resp NR 





Resp 20 14 29 
NR 3 13 21 


Resp l 
NR 8 





showed an increase, and the rest showed no change in firing 
rate when the perfusion was switched from the HG- to the 
LG-ACSF. When occurred, the firing rate changed gradually 
after a 2-4 min latency (Fig. 3A and B). These results are 
very similar to those reported previously [27,42]. Fifty of the 
64 units (78%) tested with NE were responsive, and, similar 
to those reported previously [26], the response could be exci- 
tation, delayed excitation, inhibition, or biphasic inhibition- 
excitation (see [24,26], Fig. 2 for illustration). When glucose- 
and NE-responsive units were subdivided into subgroups 
according to their specific responses, no correlation of any 
sort was found. Therefore, on further analyses, all glucose- 
and NE-responsive units were pooled, respectively, regard- 
less of their response types. Among the 31 units tested with 
both glucose and NE, it was found that all of the units re- 
sponded to glucose also responded to NE, although some 
(12/16 units) glucose-unresponsive units could also respond 
to NE. These findings are essentially the same as those re- 
ported elsewhere [27]. Statistical analyses showed that while 
responses to AVP were significantly correlated with both 
responses to glucose and to NE, responses to OXY corre- 
lated with neither (Table 2). It is interesting to note that while 
most (20/23) of the glucose-responsive units also responded 
to AVP, only | of 9 such units responded to OXY. Two 
examples of neurons responded to both glucose and AVP are 
illustrated in Fig. 3. 

The electrical stimulation of the periventricular region 
evoked orthodromic and, less frequently, antidromic re- 
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sponses from more that 50% of the units studied. Such re- 
sponses have been described and illustrated in a previous 
report [26]. There was no correlation between responses to 
the electrical stimulation, either pooled or subdivided, on 
one hand, and responses to glucose, AVP, OXY, or NE on 
the other hand. 

No statistically significant differences in responsiveness 
to AVP or to OXY was found between estrogen-primed and 
unprimed preparations. 


DISCUSSION 


Using hypothalamic tissue slices maintained in vitro, we 
have found that AVP could excite nearly 60% of the neurons 
in the VMN, especially the neurons that were responsive to 
NE or to both NE and glucose. Oxytocin could also affect 
VMN neurons, but in ways different from that by AVP. 
Since observations were made in thin slices, which contain 
only a small portion of the hypothalamus, the responses to 
the test agents were obviously not mediated by neural sub- 
strates, such as the PVN or supraoptic nucleus, that were 
not included in the tissue slices used. Furthermore, in similar 
experiments, we found that synaptic blockade achieved by 
using an ACSF containg high Mg** and low Ca** concentra- 
tions did not abolish or alter the responses of suprachiasma- 
tic neurons to exogenous acetylcholine and serotonin [25] or 
the responses of VMN neurons to NE (Kow and Pfaff, un- 
published observation). These findings suggest that the 
neuronal responses to the test agents observed in the present 
study were due to direct stimulation by the agents on the 
VMN neurons recorded. 

The findings that both AVP and OXY could affect the 
single-unit activity of CNS neurons agree with other in vitro 
studies on neurons in the hippocampus [40, 41, 53], the dor- 
sal motor nucleus of the vagus [14], and the supraoptic nu- 
cleus [21]. However, while most of these studies showed that 
AVP and OXY appeared to act as agonists or through a 
single class of receptors [14, 40, 41, 53], we found that the 
actions of these two peptides differed in many quantitative 
and qualitative aspects. Firstly, when effective, AVP was 
exclusively excitatory, while OXY could be excitatory or 
inhibitory. Secondly, although each peptide showed desen- 
sitizing action, there was no cross-desensitization between 
them. Since desensitization appears to be a phenomenon 
mediated by membrane receptors [15,23], or receptor-related 
cellular mechanisms [23], the lack of a cross-desensitization 
indicates that AVP and OXY affected VMN neurons through 
different classes of receptors. Thirdly, AVP and OXY acted 
on different subpopulations of VMN neurons, as indicated 
by an absence of a significant correlation between neuronal 
responses to these two peptides (Table 1). Finally, only the 
neuronal response to AVP, and not those to OXY, were corre- 
lated with neuronal responses to glucose and NE. As will be 
discussed below, this indicates that AVP and OXY actions on 
VMN neurons also differed functionally. Thus, in the VMN, 
AVP and OXY act on different populations of neurons 
through independent cellular mechanisms, and may serve 
different biological functions. 

Since the VMN is involved in the regulation of feeding 
[43], our findings that both AVP and OXY could affect the 
activity of VMN neurons suggest that, potentially, either 
peptide could affect feeding. In attempts to evaluate this 
possibility, the correlations between responses to the pep- 
tide and those to glucose and NE were examined. Glucose 
has been proposed as a central satiety agent, acting on cen- 
tral glucoreceptors [34]. Indeed, intracerebroventricular in- 
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fusion of 2-deoxy-glucose, which causes glucoprivation, in- 
duced feeding in rats [9]. Furthermore, glucose-responsive 
neurons in the brain have been shown to be specifically re- 
lated to certain aspects of feeding behaviors [1]. Similarly, 
NE has been shown to be involved in the central regulation 
of feeding [31]; and infusions of NE into the ventromedial 
hypothalamus have been shown to induce feeding [9]. Inter- 
estingly, we found that a// of the glucose-responsive VMN 
neurons also responded to NE [27]. Based on above findings, 
it is reasonable to assume that the VMN neurons which are 
responsive to NE or, especially, to both glucose and NE, are 
closely relevant to the regulation of feeding. Consequently, 
the facts that responses to AVP are correlated with re- 
sponses to glucose and NE (Table 2), would suggest that the 
action of AVP is importantly involved in the hypothalamic 
regulation of feeding. Since the excitation of VMN neurons 
would lead to the inhibition of feeding [43], our finding that 
the action of AVP was exclusively excitatory further 
suggests that AVP serves as a central satiety agent. Of 
course, the AVP action on the glucose-responsive neurons in 
the VMN may also serve other biological functions than 
feeding. For example, since the VMN [48] and its 
glucoreceptors [8] are obviously involved in the regulation of 
glucose metabolism, the AVP action may well play a role in 
the maintenance of plasma glucose homeostasis. 

The lack of a correlation between neuronal responses to 
OXY and those to glucose and NE (Table 2) does not neces- 
sarily rule out the participation of OXY in the regulation of 
feeding. In fact, OXY has been postulated to be involved in 
the hyperphagia induced by the lesion of PVN [2]. However, 
it is obvious from the present study that, if both AVP and 
OXY are indeed involved in the regulation of feeding, they 
regulate feeding through different mechanisms. 

Implantation of estrogen into the VMN has been found to 
be sufficient to inhibit feeding [7, 13, 20, 55]. This finding 
indicates that estrogen can modulate the feeding-regulating 
mechanism(s) in the VMN. Accordingly, a neuronal mech- 
anism in the VMN would be more likely to be involved in the 
regulation of feeding, if it is estrogen-sensitive. Therefore, 
the effect of estrogen on neuronal responses to AVP and 
OXY was investigated. The negative results indicated that 
the action of AVP and OXY on VMN neurons are independ- 
ent of estrogen, but did not support or deny the possibility 
that these peptide actions are involved in the regulation of 
feeding. 

Together with the evidence mentioned in the introduction, 
the present finding that AVP can serve as a central satiety 
agent enable us to propose the following hypothesis: NE 
infused into the PVN acts through a,-adrenergic receptors to 
inhibit the secretion of AVP, leading to a reduction of the 
satiety effect of AVP, and thereby stimulates feeding. This 
hypothesis is supported by the finding that the NE-induced 
feeding in Brattleboro rats, which are deviod of AVP, was 
deficient with respect to percent change from saline levels 
[3]. The finding that patients with anorexia nervosa have 
abnormal levels of AVP in the CSF and plasma [22] further 
suggests that the action of AVP may, in its own right, have a 
role in the regulation of diet in humans. 
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GIBBS, F. P. AND L. J. PETTERBORG. Exercise reduces gonadal atrophy caused by short photoperiod or blinding of 
hamsters. PHYSIOL BEHAV 37(1) 159-162, 1986.—The effect of voluntary exercise upon several reproductive param- 
eters was assessed in male Syrian hamsters. Forty-two animals were caged in five groups and then blinded: Ten housed five 
per plastic cage; eight housed individually in plastic cages; six housed individually in plastic cages with 15 cm exercise 
wheels in the cage; eight housed in Wahmann steel activity cages with 36 cm wheels locked to prevent rotation; ten housed in 
functional Wahmann running wheel cages. At 16 weeks after blinding, animals with access to functional running wheels had 
significantly larger testes (3.7+ 1.0 g) than those with no wheels or locked wheels (1.86+0.6 g; mean+SD; p<0.001). These 
results suggested that voluntary exercise reduces testicular atrophy caused by blinding. A second experiment was run in 
which the animals were subjected to a short photoperiod (LD 6:18) for 12 weeks instead of blinding. Similar results were 
obtained except that access to the small exercise wheels did not affect testicular atrophy: Mean testicular mass of animals 
in individual cages=0.79+0.3 g, small wheels=0.74+0.4 g, functional Wahmann wheels, 2.56+1.0 g, locked Wahmann 


wheels 0.52+0.1 g (p<0.01). 


Hamster Blinding Short photoperiod 


IT is well known that blinding or placing Syrian hamsters in a 
short photoperiod will induce testicular atrophy within 10-15 
weeks [9]. This phenomenon is knewn to be dependent upon 
an intact pineal gland, since removal of the pineal will pre- 
vent gonadal regression under those conditions [5]. 

Elliott has shown that housing hamsters in activity wheel 
cages reduced the degree of testicular atrophy usually result- 
ing from 9 weeks exposure to short photoperiods (LD 1:23) 
or constant dark [3]. Borer et al. have recently demonstrated 
that exercise can reverse the photoperiodically induced 
anestrus state in female Syrian hamsters exposed to short 
day lengths [1]. During the course of an unrelated experi- 
ment (Gibbs, unpublished observations), we also noticed 
that testes of blinded hamsters kept in exercise wheel cages 
were significantly larger than those of hamsters in ordinary 
plastic cages without such a wheel. In this experiment, the 
testicular mass of animals held in plastic cages for 19 weeks 
averaged 1.34+0.71 g (mean+SD, N=7), whereas the mean 
testicular mass of hamsters held in running wheel cages was 
3.52+0.5 g (N=16; p<0.001). The purpose of the present 
study was to better define the extent to which exercise is 
involved in the prevention of testicular atrophy associated 
with blinding or exposure to a short photoperiod in the Sy- 
rian hamster. The experiments were designed to separate the 
factors of individual versus group housing, cage type, and 
exercise in two kinds of activity wheels. 





Running wheel 


Gonadal atrophy 


METHOD 


Two experiments were conducted: Experiment I utilized 
forty-two male Syrian hamsters (Mesocricetus auratus), 
purchased from Harlan Laboratories, Indianapolis, IN. They 
weighed approximately 100 g at the time of purchase and had 
been raised from birth in a LD 14:10 light cycle. The ham- 
sters first were housed in our vivarium for one week, four or 
five per plastic cage (452220 cm) with granular corn cob 
bedding, under a LD 14:10 light cycle. They were then trans- 
ferred to the following groups also in LD 14:10 lighting: Eight 
individually housed in plastic cages; ten housed five per 
plastic cage; six housed one per plastic cage with a 15 cm 
running wheel (pet store variety); nine housed in Wahmann 
activity cages in which the wheel (36 cm) was locked; and 10 
animals housed in functional Wahmann activity cages 
(Wahmann Mfg. Co., Timonium, MD). The hamsters were 
maintained in these cages for seven days, then were orbitally 
enucleated and a one ml blood sample was taken by cardiac 
puncture under halothane anesthesia. At four week intervals 
thereafter, blood samples were obtained, and at eight and 12 
weeks the testes were palpated through the scrotum. From 
the palpation three categories of testicular size were estab- 
lished: small, medium and large. Small was equated with 
fully regressed testes, large was indistinguishable from nor- 
mal testes, and medium was defined as anything in between. 
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FIG. 1. (Upper) Testis size as determined by palpation at 8 weeks 
after blinding. (Lower) Testis size at 12 weeks after blinding. De- 
scription on the abscissa refers to method of housing. Each symbol 
represents datum from a single animal. (Experiment I) 


At 16 weeks following blinding, the animals were sacrificed 
by decapitation, blood was collected and testes and seminal 
vesicles weighed. The seminal vesicles were lacerated and 
blotted before weighing. The blood samples were centrifuged 
and the resulting plasma was stored frozen until the time of 
assay. 

Experiment II began with 32 male hamsters purchased 
and initially housed as in Experiment I except all animals 
were individually caged. Two weeks after receipt, a blood 
sample was taken by cardiac puncture using methoxyflurane 
anesthesia, and the animals were placed in the following 
cages: Eight were continued in individual plastic cages; six 
were placed in individual plastic cages with 15 cm running 
wheels, ten in functional Wahmann activity cages, and eight 
in locked Wahmann activity cages. The animals were then 
left four more weeks in their new cages in the LD 14:10 light 
cycle. At that time another blood sample was taken and right 
testis width measured by calipers [11]. That day the light 
cycle was changed to LD 6:18 by removing four hours of 
light each from the evening and the subsequent morning (old 
cycle LD 14:10, lights on: 0500, lights off: 1900; new cycle 
LD 6:18, lights on: 0900, and lights off: 1500). The room was 
locked and subsequently entered only during the lights-on 
phase. At four, eight and 12 weeks after the switch to LD 
6:18, blood samples and testicular width measurements were 
taken, and following those measurements at 12 weeks, the 
hamsters were killed by decapitation and the testes and sem- 
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FIG. 2. Mean+SE testes (open bars) and seminal vesicle (hatched 
bars) mass of hamsters sacrificed at 16 weeks after blinding. 
Abscissa as in Fig. 1. Number in open bar refers to animals per 
group for both testes and seminal vesicle masses. (Experiment I) 
*p<0.05 larger than any group without an asterisk. 
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FIG. 3. Mean+SE testis width versus time from hamsters in Exper- 
iment II. **p<0.01 less than all other groups without an asterisk. 
*p<0.05 less than all other groups without asterisk. 


inal vesicles weighed. In all instances the blood samples 
were taken between 1100 and 1300 hours. 

Testis width and organ masses were statistically assessed 
first by analysis of variance and then by the Duncan Multiple 
Range Test. Testis palpation data were analyzed by the Wil- 
coxon Rank Sum Test corrected for ties in rank [10]. 


RESULTS 


Although Experiment I was begun with 42 animals, only 
26 remained after 16 weeks. The two main causes of death 
were cardio-respiratory failure at the time of cardiac 
puncture, probably caused by the halothane, and death in the 
next few hours associated with one or two ml of blood in the 
thorax, probably caused by faulty cardiac puncture tech- 
nique. Autopsy of the animals which died by accident indi- 
cated that testes rated as ‘“‘small’’ by previous palpation 
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FIG. 4. Mean+SE testes (open bars) and seminal vesicle (hatched 
bars) masses of hamsters 12 weeks after placement into a LD 6:18 
photoperiod. **p<0.01 greater than any other group. 


weighed less than one gram while those which were rated as 
**medium’’ were between one and three grams, and the 
‘‘large’’ group was comprised of testes weighing greater than 
three grams. Figure | shows the testicular size obtained 
by palpation at eight and 12 weeks following blinding. At 
both eight and 12 weeks, the testes of animals without a 
functional exercise wheel were significantly (9 <0.01) smaller 
than those with access to a wheel. There was also a sugges- 
tion that the large Wahmann wheel may produce a greater 
effect than the small pet store variety but there was no 
statistical difference between those groups. 

The reproductive organ weights at autopsy are shown in 
Fig. 2. The statistical analysis showed that for both the testes 
and seminal vesicle data none of the sedentary groups dif- 
fered from each other. Also, the two exercising groups were not 
different from each other. However, each sedentary group was 
significantly smaller than each exercising group (p<0.05). 
When grouped together, the testes and seminal vesicle mass- 
es of sedentary hamsters were significantly smaller than 
those of exercising hamsters at the p<0.001 level. 

In Experiment II, fewer died due to the anesthetic and 
about the same proportion died from the cadiac puncture as 
in Experiment I. In Experiment II, 24 of the original 32 were 
alive at 12 weeks. The testis width data from Experiment Il 
are shown in Fig. 3. At 8 and 12 weeks, both sedentary 
groups and the small running wheel groups had significantly 
smaller testes than all groups in LD 14:10 and all groups in 
LD 6:18 for four weeks (p<0.01). The sedentary groups and 
small running wheel groups at 8 and 12 weeks in LD 6:18 also 
had significantly smaller testes than the functional Wahmann 
groups at all time periods (p<0.01). 

The testes and seminal vesicle masses following sacrifice 
at 12 weeks are shown in Fig. 4. For both measures the 
organs from the animals housed in large functional running 
wheels were signficantly larger than in any other group 
(p<0.01). The final testis width measurements in Experiment 
II were taken just prior to sacrifice and were well correlated 
with testes mass (r=0.874, p<0.01). 


DISCUSSION 


This study was initiated because data from a previous 
unrelated experiment indicated that access to running wheels 
resulted in larger testes in blinded hamsters. These results 
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raised the question whether the difference in testes mass was 
due to the exercise or some other aspect of the caging or 
experimental protocol. Two previous reports in the literature 
were of immediate relevance. The first were studies con- 
ducted by Elliott and described in his dissertation [3]. He 
found that access to a running wheel delayed or prevented 
testicular regression in Syrian hamsters in constant darkness 
or LD 1:23 photoperiods. The second study was that of 
Borer et al. on female Syrian hamsters [1]. In this case, 
access to an exercise wheel or platform rapidly reversed the 
anestrus caused by prolonged exposure to a short photo- 
period (either LD 10:14 or LD 8:16). Elliott and Menaker 
(personal communication) also have unpublished data on 
testicular and seminal vesicle mass which suggest the effect 
is not due to individual or group housing factors, but to ac- 
cess to a functional running wheel. 

Our data demonstrate that access to a functional running 
wheel significantly reduces gonadal atrophy in blinded male 
hamsters for at least 16 weeks and, if the preliminary data are 
correct, for 19 weeks following blinding. 

The data from Experiment II also show that access to a 
large running wheel, but not the small one, also greatly re- 
duces gonadal atrophy when the hamsters are exposed to a 
LD 6:18 photoperiod instead of blinding. The main differ- 
ence between the protocols of Experiments I and II was 
blinding versus a short photoperiod. The main difference in 
results was the lack of effect of the small wheel in the second 
experiment. We speculate that one or more of three factors 
may be responsible for that difference: 

(1) Less exercise may be obtained from the small wheel. 
It appears to be more difficult to run in the small wheel 
because: (a) its diameter is small compared with the size of 
the animals stride and (b) the width of the space between the 
bars of the wheels’ running surface occasionally caused the 
hamster to stumble and slow down. 

(2) A second factor may be that a short photoperiod is a 
more powerful stimulus for gonadal atrophy than blinding. 
since it is a more natural stimulus to which the animal is 
responding [9]. 

(3) Last, the blinded animals have a free running circadian 
rhythm with a variety of natural periods, whereas the 
animals in the LD 6:18 photoperiod are all synchronized to a 
24 hour cycle and are subject to the sequellae of daily phase 
resetting involved with such entrainment [7]. It should be 
pointed out that Elliott used 15 cm exercise wheels in his 
experiments ({3], and unpublished) and that Borer [1] used 
either a 16 cm wheel or a 25 cm horizontal disc for exercise 
devices and that both authors obtained significant ameliora- 
tion of photoperiodically induced gonadal quiescence. There 
were differences in the various experimental protocols, but 
none conclusively associated with the differences between 
their and our results. Elliott used either a LD 1:23 or DD 
photoperiod and Borer used LD 10:14 or DL 8:16, whereas 
we used blinding or LD 8:16. We all used hamsters from 
different sources and there may be differences in strain sus- 
ceptability to photoperiodic effects. 

We did not have an automatic electromechanical monitor 
of wheel turns as did Elliott and Borer. However, our wheels 
were inspected daily and all, including the small ones in the 
plastic cages, were found to be freely rotating. Certainly the 
question of the cause of the possible difference in the re- 
sponse to the two types of running wheel needs further 
study. 

We had some concern that access to the activity wheel 
could have sped up the process of testicular atrophy and then 
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recrudescence. If that were the case, we might have missed 
the nadir in the testes mass by sacrificing at 12, 16, or 19 
weeks. However, the testes palpation and caliper measure- 
ment data obtained indicated that the running wheel groups 
did not experience a more rapid cycle of testicular size. 

It is also probable that these gross measurements of testis 
size are adequate extimates of the state of the reproductive 
system when one takes into account the time course of the 
changes induced by photoperiod manipulation. Testis and 
seminal vesicle size should accurately reflect the integrated 
actions of the control of the reproductive system along the 
time scale of weeks which dominates these changes [9]. 

It is also probable that in the unpublished preliminary 
experiment (animals sacrificed at 19 weeks after blinding) 
and in Exeperiment I (animals sacrificed at 16 weeks after 
blinding) spontaneous recrudescence was beginning to oc- 
cur, since in both experiments sedentary animals had aver- 
age testicular masses over one gram. The fact remains that in 
all three experiments there was a statistically and biologi- 
cally significant difference in testicular mass between seden- 
tary hamsters and those with access to the large wheel. 

The effects of exercise described in hamsters are opposite 
to the delayed menarche and secondary amenorrhea seen in 
some human female athletes and dancers [6,12]. In human 
females, high intensity exercise is associated with decreased 
reproductive function rather than increased. The amount or 
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severity of the exercise is proportional to the diminution in 
reproductive function in women [4]. Further, in humans it is 
not firmly established whether exercise or reduced body fat 
is the critical variable causing the decreased reproductive 
function. Prolactin levels also rise in exercise in humans [2], 
and it is possible that prolactin is involved in the inhibition of 
ovulation under certain conditions such as lactation [8]. 
However, Borer ef al. have provided data to indicate that 
neither body fat or prolactin levels are important in mediat- 
ing the reversal of photoperiodic anestrus in hamsters due to 
exercise [1]. 

Since in Syrian hamsters, the pineal mediates the gonadal 
quiescence caused by a short photoperiod, it is possible that 
exercise influenced the gonads via the pineal or its control- 
ling elements. On the other hand, the effect of exercise could 
be ‘‘downstream’”’ of the pineal, for instance directly on the 
LHRH-neurosecretory areas of the hypothalamus. Future 
experiments will be directed at seeking answers to these 
questions. 

It is too early to speculate on the importance of the rela- 
tionship between exercise and reproduction in the lives of 
either humans or hamsters. It is currently possible, however, 
to explore this problem in laboratory animals which should 
increase our understanding of one of the many variables 
which influence and control reproduction. 
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LAING, D. G. Identification of single dissimilar odors is achieved by humans with a single sniff. PHYSIOL BEHAV 37(1) 
163-170, 1986.—The duration that a single odor needs to be sniffed for identification was determined for 18 humans. A hot 
wire anemometer and an oscilloscope were used to monitor the duration, volume and inhalation rate of sniffs. In Experi- 
ment | subjects used 1, 3 or 5 natural sniffs, or an unlimited number of natural sniffs to sample seven dissimilar single odors 
of moderate perceived intensity, and demonstrated that each odor could be identified with a single sniff. In Experiment 2 
subjects demonstrated that each of the odors could be identified with the shortest sniff (0.42 sec) they could physically 
achieve. In Experiment 3 tests with two of the odorants at several concentrations showed that sniff duration influences 
identification over a narrow range of concentrations that is just above the recognition threshold. These results together with 
earlier data that described the optimum conditions for the detection of an odor and the perception of odor intensity, provide 
information that is necessary for the development of a standard olfactometer and standard methods for human olfactory 


measurements. 


Odor identification Human olfaction 


PROGRESS in the study of human olfaction has been hin- 
dered by the absence of a standard instrument and standard 
test procedures. Consequently, different methods and in- 
struments have been used by different laboratories to per- 
form a specific measurement, e.g., thresholds, with the re- 
sult that inconsistent data and conclusions are not uncom- 
mon. For example, the detection threshold of butanol was 
reported to decrease by a factor of about 20 when the flow 
rate of odor from an olfactometer to a subject’s nose was 
increased from 0.16 to 101 min™'! [5]. In addition, substantial 
increases in estimates of the perceived intensity of butanol 
occurred over a similar range of flow rates. Since stimulus 
presentation has been achieved using flasks, sniff bottles, 
olfactometers etc., and flow rates from olfactometers vary 
between 0.15 [4] and 1001 min“ [2], it is littke wonder that 
compilations of odor thresholds show considerable varia- 
tions in the values reported for individual odorants [16]. This 
situation has persisted because the optimum conditions for 
perceiving odors have not been defined. 

In an effort to resolve this situation, recent psychophysi- 
cal studies in this laboratory have been aimed at providing 
standards in olfaction [7, 8, 9]. A most important finding in 
odor threshold and intensity tests [8] was that the results 
achieved with a single natural sniff were not improved upon 
when subjects used an unlimited number of sniffs or their 
strongest single sniff. The duration of the sniff that provided 
optimum perception of odor intensity was between 0.39 and 
0.64 sec [9] which is considerably longer than the average 
time (0.18 sec) an odor must be presented for it to be de- 
tected [17]. Since the volume and flow rate of odor inhaled 


Sniff duration 


Olfactometry Odor coding Standards 


through the nose were also recorded in these studies, it is 
now possible to construct a standard instrument for the 
measurement of odor thresholds and intensity, and to specify 
standard conditions for sampling odors. 

However, no studies have described the duration that an 
odor must be sampled (sniffed) for identification to be 
achieved. Whether this duration is different from that re- 
quired for the optimum perception of odor intensity is not 
known, but a longer duration, for example, would require a 
greater volume of odor to be delivered to a subject and would 
influence the design of a standard instrument. Furthermore, 
since perception of odor quality is necessary in odor mem- 
ory, preference and quality tests, a knowledge of the duration 
of a sniff that is needed for odor identification will aid the 
standardisation of tests of these olfactory properties. The 
aims of the present study, therefore, are to determine the 
minimum sampling duration needed for the identification of 
an odor, and define the characteristics of the sniff(s) that is 
used to achieve this task. The study focuses on the identifi- 
cation of single odorants rather than on mixtures, because 
the majority of studies in olfactory research use single odor- 
ants. 


GENERAL METHOD 


The odorants used were benzaldehyde, (—)-carvone, 
eugenol, propionic acid, diethylamine, 1,4-cineole and (+)- 
limonene. All were obtained from Fluka A.G., and were of 
the highest purity available. They were chosen because each 
can be described with a single commonly used word (Table 
1) and can be discriminated from each other [11]. 





TABLE | 
ODOR PROPERTIES 





Perceived 
Intensity 
(mm)t 


Commonly 
Used Word 


Concentration 


Odorant (SVP)t 





Almond 
Spearmint 
Cloves 
Vinegar 
Ammonia 


Benzaldehyde 
(—)-Carvone 
Eugenol 
Propionic acid 
Diethylamine 


6.310" 58.0 
2.6x 10 49.8 
3.6x 10- 49.5 
9.8x 10 49° 
1.2x 10-4 62:3 
1,4-Cineole Eucalyptus 4.5x 10-4 47.8 
(+)-Limonene Orange 5.8x10-* 47.9 
SED* 2.6 





*Standard crror of the difference between means. 
*Dilution of Saturated Vapor at 20°C. 


Distance marked off on a scale of 0 (no odor}—130 mm (ex- 
tremely strong). 


In the air dilution olfactometer [10] used to deliver the 
odors to subjects, the final odorous stream in each of seven 
channels was mixed with a flow of deodorized air (101 min~') 
before it entered one of seven Perspex sampling chambers. 
The volume of each chamber (~16 1) and the flow rate of 
odor (10 1 min~') through them were chosen so that at all 
times subjects were able to sample a constant concentration 
of odor. All chambers were sited in an exhaust hood in an air 
conditioned room. 

Odor concentrations in the chambers were calculated 
from the flow rates of odorants and air streams during the 
experiments. This procedure was verified with this olfac- 
tometer by using a flame ionization detector. The concentra- 
tion and perceived intensity of each odorant used in Experi- 
ments | and 2 is given in Table 1. 

Each chamber had a sampling port which in normal use 
accommodated the mouth and nose of a subject. As in earlier 
studies [7, 8, 9] a relatively odorless oxygen mask was fitted 
into the port and a seal was effected when the subject 
pressed their face against the edges of the mask, restricting 
inspiration of air or odor to that available from the olfac- 
tometer. An odor in the sampling chamber was sniffed 
through the mask inlet which was sited in the chamber. 

To measure the characteristics of a subject’s sniff, a 
hot-wire anemometer was positioned within the inlet of the 
mask directly in the flow of odor from the chamber to the 
subject’s nose. The anemometer was connected to an elec- 
tronic integrator which indicated inhalation volume, to a 
chart recorder from which inhalation rate was measured, and 
to a storage oscilloscope (Tektronix 7313) which indicated 
sniff duration. The anemometer output was set so that it gave 
a linear response over a wide range of flow rates (10-70 | 
min~'). Calibration of the anemometer was achieved by 
using several rotameters which individually covered small 
sections of this range. 

Thirteen females and ten males between twenty and 
fifty-five years of age participated in the study. They repre- 
sented a cross-section of the research and administrative 
staff of this laboratory. Subjects were aware that their sniff 
characteristics were being monitored, but were not advised 
of the specific aims of the study. 

At every test session in response to a system of lights, 
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subjects sampled the contents of each Perspex chamber ac- 
cording to the specific instruction given (see Experiments 1, 
2 and 3 for details) and were instructed not to return to a 
chamber once the next designated chamber had been sam- 
pled. They were asked not to exhale during each entry until 
they had withdrawn from the mask. During the intertrial 
interval (45 sec) they recorded their response, i.e., intensity 
estimate and/or odor quality description on a scoresheet and 
moved the mask to the next chamber. At each session in all 
experiments each subject followed a different random se- 
quence for sampling the chambers and the positions of test 
stimuli were randomised. 


EXPERIMENT | 


The aim of this experiment was to determine how many 
sniffs are necessary for the identification of a single odorant. 
To achieve this aim it was first necessary to (1) show that the 
concentrations of the seven odorants used were perceived as 
having approximately the same moderate intensity, thereby 
reducing the possibility of odors being identified on the basis 
of intensity; (2) demonstrate that subjects could discriminate 
and identify each of the odorants when allowed an unlimited 
number of sniffs. Any similarity between odorants, for 
example, could result in confusion and produce incorrect 
identifications. 


METHOD 


In Session | subjects estimated the perceived intensity of 
each odorant then attempted to identify them with a com- 
monly used word. They were allowed an unlimited number 
of natural sniffs to sample an odorant before proceeding to 
the next designated chamber. Perceived intensity was de- 
termined by instructing subjects to indicate the intensity of 
each stimulus by placing a mark on a line 130 mm long. The 
line had the words ‘no odor’ and ‘extremely strong’ at the 
ends. After each correct or incorrect description the experi- 
menter told the subject the common word for the odorant 
(Table 1). In Session 2 a similar procedure was followed for 
the estimation of intensity, however, odor identification was 
achieved by instructing subjects to pair each odorant with 
one of seven descriptions (the common words from Session 
1; see Table 1) given on their scoresheet. Subjects were ad- 
vised at the end of a session whether they had described an 
odorant correctly or incorrectly and the correct word on the 
list was indicated regardless of the result. The purpose of 
providing the word list was to enhance the association be- 
tween the common words and the odorants. This association 
was tested in Sessions 3-5 where no word list or feedback 
were given, and subjects were required to describe each of 
the seven odorants with the word that had been given to 
them in Sessions | and 2. To qualify for the next set of tests 
(Sessions 6-13) subjects had to obtain at least six correct 
responses during each of the three sessions. 

During Sessions 6-13 subjects were required to sample 
the contents of each chamber using one, three or five natural 
sniffs, or their natural sniffing technique (unlimited number 
of sniffs), and to match each odorant with one of the seven 
descriptions (Table 1) listed on their scoresheet. The word 
list was given to minimize errors resulting from lapses of 
verbal memory and to ensure the test method provided every 
opportunity for odor identification to be achieved with the 
fewest possible sniffs. Subjects were not required to estimate 
the intensity of odorants during these eight test sessions. At 
each test session a subject sampled the contents of each of 





ODOR IDENTIFICATION AND SNIFF DURATION 


TABLE 2 
IDENTIFICATION OF ODORS 


TABLE 3 
ODOR IDENTIFICATION AND NUMBER OF SNIFFS 





Correctly Identified (%) 


Odorant Session | Session 2 


Number of Sniffs 


3 5 U* Meant 





Benzaldehyde 88.9 94.4 
(—)-Carvone 88.9 94.4 
Eugenol 94.4 88.9 
Propionic acid 72.2 82.2 
Diethylamine 88.9 94.4 
1,4-Cineole 83.3 94.4 
(+)-Limonene 38.9 72.2 





TABLE 4 
CHARACTERISTICS OF SAMPLING BEHAVIOR 





Number of Sniffs 
3 5 U* 





Total volume inhaled 863 1137 1549 1107 64 
(cm*) 

Volume of a sniff 863 379 310 554 
(cm*) 

Total sampling duration 1.83 2.97 4.12 2.61 0.11 
(sec) 

Duration of a sniff (sec) 1.83 0.99 0.82 ° 

Maximum inhalation 38.4 33.9 32.9 38.9 4.87 
rate? (1 min~') 





*Unlimited number of sniffs were allowed. The mean number of 
sniffs (+SE) used was 1.97 + 0.10. 

tInhalation rate of the strongest sniff during the unlimited sniff 
condition. 


the seven chambers using a particular number of sniffs, e.g., 
five. This number was randomly determined with the proviso 
that all four sampling techniques were used once by all sub- 
jects during Sessions 6-9. These procedures were then re- 
peated during Sessions 10-13. The key instruction given to 
each subject during this experiment was that they should use 
their natural size of sniff to sample each chamber even if this 
meant they could not complete the number of sniffs desig- 
nated. 

There were several measurements of sampling behavior: 
(1) volume of odorant inhaled whilst sniffing; (2) sampling 
time; (3) maximum inhalation rate (the peak flow of odor 
through the nose during the strongest sniff when subjects 
were free to use an unlimited number of sniffs); (4) inhalation 
rate of each sniff when taking one, three or five sniffs. 

The values of all responses measured in this and the other 
two experiments were for birhinal inspiration. 

Analyses of variance were employed to determine the 
influence of the odorant and the different conditions imposed 
in the experiment on the above sampling behaviors. Contin- 
gency table analyses were used to determine if there were 
significant differences between the number of correct re- 
sponses recorded during the different sampling conditions. 


Correct identification 94.8 96.3 97.2 96.1 96.1 
(%) 


Number of tests 252 248 252 252 





*Unlimited number of sniffs. 
*+Mean correct identifications over all four sampling conditions. 


RESULTS 


Table 2 shows the percentage of subjects in Session 1 who 
described each odorant with its common name or a descrip- 
tion that was similar to that name, e.g., mint or peppermint 
for spearmint. All odorants were readily identified except for 
limonene which was correctly described on 38.9% of presen- 
tations. However, since five of the eighteen subjects did not 
record a description of limonene it is likely that the low score 
was mainly due to the commonly encountered ‘tip of the 
nose’ phenomenon which occurs when subjects recognise an 
odor but cannot provide a description [12]. As shown in 
Table 2 the difficulty in associating ‘orange’ with limonene 
had been largely overcome in Session 2 and disappeared 
completely in subsequent sessions where similar numbers of 
correct identifications were recorded with each odor. 

During Sessions 3-5 where no feedback or word list was 
given, all subjects achieved or exceeded the criterion of 6 out 
of 7 correct identifications at each of the sessions and the 
mean correct scores over all odors for the panel at the three 
sessions were 92.8, 92.9 and 95.9% respectively. Thus, with 
a minimum amount of training subjects readily identified 
each odor. 

During these early sessions the mean perceived intensity 
of each odor (Table 1) was found to be similar and of moder- 
ate strength (middle of the intensity scale corresponds ap- 
proximately to ‘moderate’). Although benzaldehyde and di- 
ethylamine had significantly higher intensities (p<0.05) than 
the other odors, the differences in practical terms were small 
and unlikely to have aided their identification. 

Table 3 shows the percentage of correct identifications 
achieved over all odors during Sessions 6-13 when subjects 
used 1, 3, 5 or an unlimited number of sniffs to sample the 
odorants. Clearly very few incorrect identifications occurred 
and there was no significant difference between the scores 
recorded for each sniff condition. Furthermore, the number 
of correct identifications recorded during each replicate and 
for each odor were almost identical. The most important 
result of this experiment, therefore, is that one sniff is suffi- 
cient for the identification of an odor of moderate perceived 
intensity. 

As regards sniffing characteristics, no measures were 
made during Sessions 1-5 because these were primarily to 
familiarise subjects with the odors. However, analysis of the 
sniffing data from all subjects during Sessions 6-13 revealed 
that sampling behavior was affected by the sniffing condition 
imposed. For example, the total sampling duration and total 
volume of odor inhaled by subjects increased significantly 
(p <0.001) with increasing numbers of sniffs (Table 4). 
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In contrast, the mean volume and mean duration of a sniff 
decreased significantly (~60%, p<0.01) with increases in 
sniff number, from 863 cm* and 1.83 sec respectively for the 
single sniff condition to 310 cm* and 0.82 sec for the five-sniff 
condition. Mean inhalation rates of the three and five-sniff 
conditions were also significantly (p<0.001) lower than the 
values recorded for the single sniff and unlimited sniff condi- 
tions, but to a much lesser degree (~15%). Reductions in 
these latter parameters with increased number of sniffs were 
primarily due to the difficulty many subjects encountered 
when taking more than the number of sniffs they employed 
during a natural sniffing episode. In this study during the 
unlimited sniff condition the average number of sniffs em- 
ployed was two (range of 1-12 sniffs over subjects). How- 
ever, the large reductions in the mean volume and mean 
duration of a sniff, and the small reduction in the inhalation 
rate of sniffs that occurred during the three and five-sniff 
tests support the view that, subjects attempted to maintain 
their natural inhalation rate during these sampling conditions 
by markedly reducing the volume and duration of a sniff. 
This behavior is in keeping with the report that the key factor 
in achieving optimum odor perception is inhalation rate [8]. 

The analysis also showed that the total volume of odor 
inhaled whilst sampling, the volume of a sniff, sampling du- 
ration and inhalation rate were unaffected by the odor used. 
Furthermore, there were no significant differences in the 
volume, duration and inhalation rate of each sniff when three 
or five sniffs were used, except for the inhalation rate of the 
first sniff of the five-sniff test which was slightly but signifi- 
cantly higher (by about 2.5 | min~') than the rates recorded 
for the other four sniffs. Subjects, therefore, disciplined 
themselves to be consistent in their behavior within a sam- 
pling condition even when asked to follow what would have 
been an unnatural sampling procedure, e.g., to take three or 
five sniffs, for some participants. 

In summary, the results of this experiment indicate that 
near perfect scores were obtained when subjects were asked 
to identify a single odor of moderate intensity using one nat- 
ural sniff. The mean inhalation rate of the sniff was similar to 
that recorded during a natural sniffing episode (~38 | min’). 
That most subjects used more than one sniff during the un- 
limited sniff condition suggests the function of an additional 
sniff or sniff(s) during a natural sniffing episode is to confirm 
the initial identification. 


EXPERIMENT 2 


Whilst the results of Experiment 1 indicated that the 
number of correct identifications with one sniff was similar 
to that achieved with 3, 5 or an unlimited number of sniffs, 
they did not demonstrate that the duration of the single sniff 
recorded for individual subjects was the minimum duration 
each stimulus needed to be delivered for identification. The 


aim of Experiment 2, therefore, is to determine this latter 
duration. 


METHOD 


The subjects, odorants and apparatus used were the same 
as in Experiment 1. Since several weeks had elapsed be- 
tween the two experiments, Session 1| of this experiment was 
used to determine if subjects could identify each of the seven 
test odorants. They were allowed an unlimited number of 
sniffs to sample an odorant and were required to pair each 
odorant with one of the seven descriptions on their 
scoresheet (Table 1). Sessions 2 and 3 were used as practice 


TABLE 5 
IDENTIFICATION OF ODORS WITH A SINGLE SNIFF 





Correct Identifications 
(%) 
Buzzer Duration* 
(sec) 


Replicate 1 Replicate 2 





0.2 84.17 94.5 
0.5 95.8 92.4 
1.0 94.1 95.0 
2.0 97.5 98.3 





*See Table 6 for the corresponding sniff durations. 
+This value is significantly lower than those obtained at the other 
durations in this replicate (y3= 19.64, p<0.001). 


sessions to train subjects to match the duration of their nat- 
ural sniff with the duration of a buzzer which sounded for 
0.2, 0.5, 1.0 or 2.0 sec. These durations encompassed most 
of the sniff durations recorded for sniffs in Experiment 1. 
During Sessions 4-11 subjects were required to sample the 
contents of each of the chambers using a sniff of a specific 
duration and to match each odorant with one of the seven 
descriptions (Table 1) given on their scoresheet. The sniff 
duration to be used by a subject at a session was randomly 
determined with the proviso that all four durations were used 
once by all subjects to sample each odorant during Sessions 
4-7. These procedures were repeated during Sessions 8-11. 
The key instruction, however, was that subjects should sniff 
each chamber with the vigor they employ when sniffing nat- 
urally, but the duration of that sniff should be altered to 
match the duration of the buzzer. Ten seconds before each 
chamber was sampled the buzzer would sound at the dura- 
tion set for the trial so that a subject could practice sniffing 
(away from the chamber) for this duration. During the prac- 
tice and sampling periods a one second interval was main- 
tained between each buzz. Immediately after a subject had 
finished sampling, the buzzer was switched off. 

There were three measurements of sampling behavior: (1) 
volume of odorant inhaled when the buzzer sounded for 0.2, 
0.5, 1.0 or 2.0 sec; (2) sampling time; (3) inhalation rate of a 
sniff when the buzzer sounded for 0.2, 0.5, 1.0 and 2.0 sec. 

The values of all responses measured were for birhinal 
inspiration. 

As in Experiment | analyses of variance were used to 
determine the influence of the odorant and task on the above 
sniffing characteristics, and contingency table analyses were 
used to determine if there were significant differences be- 
tween the number of correct responses recorded during the 
different sampling conditions. 


RESULTS 


During Session | subjects achieved a mean correct score 
of 97.5% demonstrating that they had retained their ability to 
identify the seven odorants. Mean values (+SE) for the vol- 
ume of odor inhaled (1298+76 cm*), inhalation rate 
(45.1+2.0 | min~') and sampling time (2.47+0.1 sec) were 
similar to those recorded during the unlimited sampling 
condition in Experiment | (Sessions 6-13). As in that exper- 
iment these sniff characteristics were unaffected by the type 
of odor presented. 





ODOR IDENTIFICATION AND SNIFF DURATION 


TABLE 6 
CHARACTERISTICS OF SNIFFS OF DIFFERENT DURATIONS 





Buzzer Duration (sec) 


0.5 1.0 2.0 SED 





Sniff duration 0.42 0.64 1.14 1.99 0.02 
(sec) 

Sniff volume 214 345 622 1099 14.1 
(cm*) 

Inhalation rate . 45.0 43.0 42.7 0.80 
(1 min~') 





In Sessions 4-11 of Experiment 2 where subjects were 
restricted to a single sniff of a specified duration, near per- 
fect scores for odor identification were achieved at each du- 
ration except during the first replicate (Sessions 4-7) where the 
number of identifications recorded with the shortest sniff 
(Table 5) was significantly lower (x?=19.64, p<0.001) than 
with sniffs of longer duration. Since no significant difference 
was found between the number of mean correct scores ob- 
tained with each of the sniff conditions during the second 
replicate, it is likely that the lower score was due to the 
occasional difficulty experienced by some subjects in iden- 
tifying an odor whilst at the same time matching the duration 
of their sniff to that of the buzzer. However, the results of 
the second replicate indicate that subjects had overcome this 
difficulty and that a similar level of odor identification was 
achieved with the shortest sniff as was found following an 
unlimited number of sniffs in Experiments | and 2. 

Analyses of the characteristics of the four sniff types 
showed that subjects had the greatest difficulty in matching 
the duration of their sniff to the shortest duration of the 
buzzer (Table 6). The mean sniff duration for this latter con- 
dition (0.42 sec) represents the shortest sniff of the ‘average’ 
human and is similar to that found earlier [9]. The analysis 
confirmed there was a significant difference between the du- 
rations of the four sniff types (><0.001) (Table 6) and that 
sniff duration was independent of the odor presented. As 
regards the other sniff characteristics, Table 6 shows that the 
volume of odor inhaled increased with sniff duration, and 
inhalation rate was independent of sniff duration. Neither of 
these characteristics was affected by the type of odor sam- 
pled. Overall, the values found for volume, duration and 
inhalation rate were remarkably stable across subjects, 
odors and replicates and were similar to those reported in a 
study of odor intensity [9]. 

In summary, the results of this experiment indicate that 
humans obtain sufficient information about odor quality 
from a sniff of 0.42 sec to identify a single odorant of moder- 
ate strength. The sniff is the shortest humans can physically 
achieve whilst maintaining the inhalation rate they charac- 
teristically employ when sniffing [7]. 


EXPERIMENT 3 


Since near-perfect scores were recorded at each sniff du- 
ration in Experiment 2, it could be argued that different re- 
sults might have been obtained had the odorants been at 
lower intensities. For example, for a given concentration of 
odorant entering the nose a proportionately larger number of 
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molecules will be lost en route to the olfactory receptors high 
in the back of the nose through adsorption by the respiratory 
epithelium during a short sniff (0.42 sec), than will occur with 
a long sniff (2.0 sec). A short sniff, therefore, could produce 
a lower concentration of odorant at the receptor epithelium 
than a long sniff, resulting in a reduced sensation, or no 
sensation at all. In addition, the smaller number of odor 
molecules resulting from a short sniff may not reach all the 
regions of the olfactory epithelium contacted by molecules 
during a long sniff. Accordingly, if odor quality is repre- 
sented neurally by a spatial array of responsive cells [14], 
insufficient cells may be stimulated during a short sniff for 
recognition of a specific odor quality. 

These proposals are investigated in Experiment 3 where 
the aim is to determine the influence of sniff duration on the 
identification of single odorants which are at intensities 
below that used in Experiment 2. Since similar results were 
obtained for each of the odorants in the latter experiment, 
only two were chosen for further study in Experiment 2. 


METHOD 


The apparatus and the majority of subjects were the same 
as in Experiment 2. The two odorants and their concentra- 
tions, expressed in terms of the dilution of saturated vapor at 
20°C, were: benzaldehyde (7x10~°, 2.2x10-*, 6.5 10~‘), 
and carvone (2.8x10~*, 8.2x10-*, 2.5x10~*). The highest 
concentration of each was similar to that used in Experiment 
2. Overall, there were ten sessions. During Sessions | and 2, 
subjects familiarised themselves with the odorants at the dif- 
ferent test concentrations and were told by the experimenter 
which odor was being presented. In addition, subjects prac- 
ticed matching the duration of their sniff to that of the buz- 
zer, which as before sounded for 0.2, 0.5, 1.0 or 2.0 sec. 
Session$’ 3-10 were test sessions in which subjects were in- 
structed to indicate whether the contents of each chamber 
smelled of almond, spearmint, or, that no odor was present. 
The procedure for sampling each chamber and the intertrial 
interval was the same as in Experiment 2. During a session 
each subject used a different random sequence to sample the 
six stimuli. In addition, the sequence of sniff durations to be 
used by a subject during a session was randomly selected 
and was different for each subject and for each session. 
Overail, every subject sampled each stimulus eight times 
using each of the four sniff durations twice. 

The measurements of sampling behavior were: (1) volume 
of odor inhaled during a sniff; (2) sniff duration; (3) inhalation 
rate of a sniff. 

Analyses of variance were used to determine the influ- 
ence of odor concentration and task on the above sniffing 
characteristics, and contingency table analyses were used to 
determine if there were significant differences between the 
number of correct responses during the different sampling 
conditions. 


RESULTS 


The percentage of correct identifications of each stimulus 
at each sniff duration is shown in Fig. 1. Over all test condi- 
tions a significant decrease (p<0.001) in correct responses 
occurred as odor concentration decreased. However, at the 
highest concentration of each odorant, perfect or near per- 
fect scores were recorded at each sniff duration, replicating 
the results obtained in Experiment 2. In contrast, a very 
different set of results was obtained at the two lower concen- 
trations of each odorant. 
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FIG. 1. The percentage of correct responses obtained by subjects 
whilst identifying three concentrations of benzaldehyde or carvone, 
are plotted as a function of the duration of a sniff. 


TABLE 8 
CHARACTERISTICS OF SNIFFS OF DIFFERENT DURATIONS 





Buzzer Duration (sec) 
Odorant 
Carvone 





Sniff duration 
(sec) 

Sniff volume 
(cm*) 

Inhalation rate 
(1 min~') 





First, sniff duration had a significant effect on the identifi- 
cation of the intermediate concentration of each odorant. 
With benzaldehyde, as sniff duration increased from 0.46 to 
2.02 sec (Table 7), the level of correct responses increased 
from 70.0 to 96.7%, whilst with carvone the level increased 
from 73.3 to 90.0% as sniff duration changed from 0.45 to 
1.96 sec (Table 8). 

Secondly, at the lowest concentration of each odorant, 
sniff duration did not affect identification. However, the re- 
sults obtained with each odorant are substantially different. 
Subjects achieved only chance level scores when the 
stimulus was benzaldehyde, i.e., they correctly identified the 
odorant on approximately 30% of presentations during the 
three choice task. Since only 16.7% of response were incor- 
rect identifications and the majority of subjects indicated 
that no odor was present during the presentation of this 
stimulus, the results indicate the test concentration was 
below the detection threshold level of most subjects. A more 
complex result was obtained when carvone was the stimulus. 
Although the correct response level was significantly above 
chance (p<0.05) at the three shorter sniff durations, and 
close to chance (p<0.07) at the longest duration, overall the 
duration of a sniff had no significant effect on the number of 
correct responses. 

A possible explanation of this latter result can be derived 
from examination of all the responses to this concentration 
of carvone. Of the 120 responses, 67 were correct, 20 were 
incorrect identifications, i.e., subjects confused carvone 
with benzaldehyde, and in 33 instances subjects indicated no 


TABLE 7 
CHARACTERISTICS OF SNIFFS OF DIFFERENT DURATIONS 





Buzzer Duration (sec) 
Odorant 
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Sniff duration 
(sec) 

Sniff volume 
(cm*) 

Inhalation rate 
(1 min~') 





odor was present. If the subjects who made incorrect iden- 
tifications were sure an odor was present yet could not make 
a positive identification, it is likely they guessed which 
stimulus was present. Since guessing at that point of their 
assessment of the stimulus was confined to one of two 
choices, there is an equal chance that a similar number of 
subjects would have guessed correctly. Thus, subtracting the 
20 correct guesses from the total of 67 correct responses, 
reduces the number to 47, which is not significantly different 
from 40, the chance level of correct responses. Increasing 
the sniff duration from 0.46 to 1.96 sec, therefore, was not 
sufficient to raise the concentration of odorant at the recep- 
tors over the recognition threshold of most subjects. Despite 
this, the following three points indicate more subjects 
genuinely perceived carvone than benzaldehyde. (1) Consid- 
erably more *‘no odor’’ responses were recorded for benzal- 
dehyde than carvone (71 vs. 33); (2) the similar number of 
confusions to each odor indicates the subjects were not 
biased in their responses to the odorants; (3) more correct 
responses were recorded with carvone than benzaldehyde, 
even after subtracting the correct responses that most likely 
arose from guessing, as discussed above, i.e., 47 vs. 15. 

Clearly, most subjects had difficulty in identifying the 
lowest concentration of each odorant, and for many subjects 
those concentrations were below their detection or recogni- 
tion threshold. Indeed the number of instances where no 
odor was detected gives an indication of the number of oc- 
casions that subjects found the stimulus to be less than their 
detection threshold, whilst twice (see explanation above) the 
number of incorrect identifications indicates the occasions 
when the stimulus concentration was between that of the 
detection and recognition thresholds. 

The results obtained with all three concentrations of each 
odorant illustrate the narrow range of concentrations over 
which odor identification is influenced by sniff duration. For 
example, changing the duration of a sniff from 0.46 to 2.02 
sec had no effect on the identification of the lowest concen- 
tration of benzaldehyde, yet increasing the concentration of 
the odorant by a factor of about three, resulted in most sub- 
jects identifying the odor even with their shortest sniff. Fur- 
thermore, changing sniff duration over the range 0.46 to 2.02 
sec when the intermediate concentration of benzaldehyde 
was the stimulus, improved identification from 70.0 to 
96.7%, a near perfect score. The latter score is the same as 
that achieved in the identification of the highest concentra- 
tion of this odorant with the shortest sniff, suggesting that a 
similar concentration of odorant reached the olfactory recep- 
tors on both occasions. 





ODOR IDENTIFICATION AND SNIFF DURATION 


Keeping in mind that the concentration level of each 
odorant differed by a factor of about three, the fact that sniff 
duration only affected identification at the intermediate level 
of both odorants indicates that sniff duration is important 


over a very narrow range of concentrations that is just above ° 


the recognition threshold. For the odorants used here, the 
effect of increasing sniff duration from approximately 0.45 to 
2.0 sec was equivalent to increasing the concentration at the 
receptors by a factor that was probably just less than three. 
This factor will vary somewhat between odorants, since the 
magnitude of the gap between the detection and recognition 
thresholds will depend on the slope of the psychophysical 
function that relates perceived intensity and concentration. 
However, benzaldehyde and carvone are typical of many 
odorants so that the results obtained here are likely to be 
widely applicable. 

Finally, since the intermediate concentration of both 
odorants was just above the recognition threshold of most 
subjects, and near-perfect or perfect scores for identification 
were achieved at the highest concentrations, it would seem 
that a single sniff ensures identification once the concentra- 
tion of an odorant is about three times higher than the 
recognition threshold. 

Analyses of the characteristics of the sniffing behavior of 
subjects showed that, with both odorants, concentration had 
no effect on inhalation rate, sniff volume, or sniff duration 
(Tables 7 and 8). In contrast, as buzzer duration increased, 
sniff volume and sniff duration increased significantly 
(p<0.001), and there was a small (~ 10%) but significant de- 
crease in inhalation rate (p<0.001). As in earlier studies [7, 8, 
9], each subject exhibited a characteristic inhalation rate and 
this varied significantly between subjects. Overall, the mean 
values for the three sniff characteristics were similar to those 
recorded in Experiment 2. Difficulties were again 
encountered by subjects when attempting to match the dura- 
tion of their sniff to the two shorter buzzer durations and the 
results again demonstrated that, the shortest sniff the ‘aver- 
age’ human can physically achieve whilst maintaining their 
characteristic inhalation rate is between 0.40—-0.45 sec [9]. 


GENERAL DISCUSSION 


The most significant finding of this study is that humans 
obtain sufficient information from one sniff to identify a 
single odor at a concentration which is just above the recog- 
nition threshold. In other words, only a single sniff is neces- 
sary for the identification of an odorant over most of the 
concentration range used in studies of human olfaction. The 
average minimum duration of that sniff (0.45 sec, Experi- 
ment 3) corresponds to the shortest sniff humans can physi- 
cally achieve whilst maintaining the inhalation rate they 
characteristically employ when sniffing [7]. Since the detec- 
tion of an odor [17] and perception of odor intensity [8,9} are 
both optimally achieved with a single sniff, the present find- 
ing adds yet another characteristic, i.e., identity, which is 
resolved with a sniff. However, although identification of an 
odor at suprathreshold concentrations is achieved with the 
shortest sniff (0.45 sec), the fact that an odor need only be 
presented on average for 0.18 sec for detection [17] suggests 
that identification at such concentrations may be achieved 
with a presentation time that lies between these values. This 
critical duration is likely to be less than is necessary for the 
optimum perception of odor intensity where a sniff of be- 
tween 0.39 and 0.64 sec is needed [9]. The value of 0.39 sec 
in that study was the mean duration of the shortest sniff of 
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subjects and did not result in the highest estimates of inten- 
sity. 

Another finding of the present study is that, changes in 
sniff duration can affect identification when the concentra- 
tion of an odorant is close to the recognition threshold. The 
improvement in the level of identification of the intermediate 
concentration of both odorants in Experiment 3 as sniff du- 
ration increased, supports the earlier proposal that duration 
affects the quantity of odorant stimulating the receptors. As 
suggested, adsorption of odorant molecules by the aqueous 
respiratory mucous is the most likely explanation for this 
result. However, because sniff duration was only important 
over a very narrow range of concentrations, the errors aris- 
ing from this parameter during estimates of the recognition 
threshold are not likely to be substantial. Indeed, the 
maximum error with the two odorants studied in Experiment 
3 would be no more than a factor of three. 

The present results also suggest that different single odor- 
ants do not require different presentation times for identifi- 
cation. All were identified following the shortest human sniff 
at concentrations which for most if not all of the odorants 
were about three times the recognition threshold. Identifica- 
tion was achieved, therefore, regardless of (1) molecular 
structure, as the odorants included aliphatic, alicyclic and 
aromatic compounds with different functional groups; (2) po- 
larity, for example, limonene and propionic acid represent 
non-polar and polar odors; or (3) whether they were olfac- 
tory or olfactory-trigeminal stimulants, as diethylamine, 
propionic acid and 1,4-cineole are olfactory-trigeminal 
stimulants, whilst the others primarily stimulate the olfac- 
tory nerve. Although each of these factors could be expected 
to affect the quantity of odor reaching the olfactory or 
trigeminal nerves within a specific period (the trigeminal 
nerve is reported to be embedded more deeply in nasal tissue 
than the olfactory cells and may be less accessible [3]), suf- 
ficient molecules from low concentrations of each odorant 
reached the appropriate receptors with a short sniff to permit 
identification. 

A very important consequence of the several studies of 
odor perception by humans in this laboratory [7, 8, 9] and 
elsewhere [13,17], is that we now know the characteristics of 
a sniff, i.e., volume, inhalation rate and duration, that are 
needed for perception of single odors in threshold, intensity 
and identification tests. In the present study identification 
was achieved at concentrations which were just above the 
recognition threshold with a single sniff whose volume, inha- 
lation rate and duration were approximately 200 cm’, 38 | 
min~' and 0.45 sec respectively. These data provide the in- 
formation necessary for the construction of a standard olfac- 
tometer and standard procedures for the majority of olfac- 
tory measurements. A new generation of olfactometers 
based on human physiological requirements can therefore be 
built and the array of instruments that provide inadequate or 
excessive quantities of odor can be modified or discarded. 
Test procedures also need review, keeping in mind that the 
information gained with a single natural sniff about a single 
odor can be as good as that obtained with many sniffs. Re- 
ducing the number of sniffs subjects use and confining the 
sampling time to the duration of a single sniff should reduce 
olfactory adaptation during a test and reduce the variability 
of data from individual subjects. As yet, sampling data is not 
available for the identification of odors in mixtures and it 
remains to be seen whether several odors can be identified 
with a single sniff. Furthermore, since identification of an 
odor involves memory and varying degrees of confusion aris- 
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ing from the similarity of odors in a test set, it is also a matter 
of conjecture whether sniff duration, or the number of sniffs 
required, will increase with the degree of difficulty of the 
task. 

Finally, the duration obtained here for the shortest sniff 
has significance for physiological studies of the coding of 
odor quality. Although the minimum time an odor needs to 
be delivered to an animal for identification has not been es- 
tablished, the importance of olfaction to most species 
suggests that the shorter duration of sniffs in the dog (0.1 sec) 
[15], rat (0.2 sec) [1,18] and rabbit (0.2 sec) [6], for example, 
would provide these species with more rapid information on 
odor identity than occurs with humans. Therefore, if iden- 
tification is achieved by animals as a result of a single sniff, 
the duration of that sniff will provide: (1) the maximum time 
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an odor need be delivered to the nose of an animal in neuro- 
physiological studies for identification, and (2) indicates that 
analysis of the responses of the olfactory and trigeminal 
nerves should be confined to the neural responses elicited by 
a stimulus whose duration is no more than that of a sniff. To 
confirm these points, behavioral studies with animals are 
needed to establish the odor duration that provides identifi- 
cation. With this information it s‘;ould be possible to direct 
analysis only to the neural respo -es used for identification 
and achieve a better understanding of odor coding. 
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SHAIR, H. N., S. C. BRAKE, M. A. HOFER AND M. M. MYERS. Blood pressure responses to milk ejection in the 
young rat. PHYSIOL BEHAV 37(1) 171-176, 1986.—When young rats receive milk ejections from their mothers they 
exhibit abrupt 30-50% increases in blood pressure. In our first experiment, we recorded, via carotid cannulae, blood 
pressure and heart rate during natural nursing bouts. Blood pressure changes coincident with behaviorally defined milk 
ejections were twice as large as the changes associated with other behaviors observed. In addition, the increases in blood 
pressure during milk ejection were significantly greater when pups were separated from their mothers for 18-20 hours prior 
to testing. A second experiment showed that these responses were independent of the mother’s overt behavior because 
virtually identical results were obtained when pups received milk from anesthetized dams stimulated to release milk with 
oxytocin. These results are discussed with regard to possible immediate functions of the response, and long term effects of 


repeated cardiovascular activation in early development. 
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DURING the past twenty-five years, a growing amount of 
research has shown that cardiovascular regulation is influ- 
enced by changes in an organism’s early-life environment. 
For example, the cardiac response of adult rats to auditory 
stimulation is decreased if the animals receive either early 
handling [1] or environmental enrichment [2]. In dogs, even a 
brief period of socialization during the first twelve weeks of 
life modifies their adult heart-rate responses to electric shock 
[7]. In addition to these changes in cardiac reactivity, early 
experience has also been shown to affect basal cardiovascu- 
lar function. Henry’s now classic studies have shown that 
genetically normotensive mice can be induced to develop 
hypertension by disrupting normal rearing patterns [12]. 
Conversely, there are several reports that changes in early 
experiences can reduce adult blood pressures of the spon- 
taneously hypertensive rat [10, 19, 29]. 

For a number of years, we have been studying how early 
experience affects cardiovascular system development in 
rats. As part of this work, we have examined which aspects 
of the rat pup’s environment can affect on-going cardiac 
regulation. We have previously reported that 18 hours sep- 
aration of 2-week-old rats from their mothers leads to a 40% 
decrease in heart rate while blood pressure is maintained at 
pre-separation levels [13,27]. This decrease in heart rate can 
be reversed within a few minutes by infusions of nutrient, a 





response that is dependent upon the sympathetic nervous 
system [17]. In the current series of studies we have begun to 
investigate the heart rate and blood pressure changes of 
pre-weanling rats during naturally-occurring nursing bouts, 
an extension of a study of cardiac rate conducted by Hofer 
and Grabie [15]. We were particularly interested in the 
period around milk let-down because it is one of the most 
arousing events of the pup’s life. Mother rats let down milk 
periodically, approximately every 3-10 minutes, during a 
nursing bout [24,26]. Before the milk ejection, both pups and 
mother are behaviorally quiescent. In fact, at least for 
2-week-old pups, both parties to the situation are asleep, the, 
dam in slow wave sleep [23,30], the pups in either paradoxi- 
cal sleep or slow wave sleep [26]. The milk-ejection activates 
them both. The mother wakes and stands on four splayed 
legs over her litter with her back arched [5,23]. The pups 
wake, begin to suck vigorously [26], and display a sterotypic 
**stretch’’ response, showing a rigid body extension with 
limbs pressed against the mother’s ventrum [5, 23, 24, 26]. 
We now report that there is a dramatic, transient increase 
in blood pressure in the 2-week-old rat pup in response to 
milk ejections. This increase accompanies all milk ejections 
studied to date and is easily the most striking change in blood 
pressure seen in our naturalistic recording situation. We also 
find that deprived animals show greater increases than non- 
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deprived animals, and that in both deprived and non- 
deprived pups, these responses are independent of the 
mother’s overt behavior. 


EXPERIMENT 1 


METHOD 
Subjects 


Wistar-derived rats (Rattus norvegicus; Hare-Marland 
Farms) were born and raised in our laboratory. Animals 
were housed in clear polycarbonate cages (46x24x20 cm) 
with wood shavings as bedding and were kept in a room 
maintained at 25-27°C and 50% humidity. This room was 
maintained on a normal 12:12 light:dark cycle. Food and 
water were available to the dams ad lib. Litters were culled 
to 8-9 pups 2-3 days after birth and were then left undis- 
turbed until the procedures described below were initiated. 

At 11-12 days of age, pups from each of six litters were 
implanted with silver wire heart rate electrodes using ether 
anesthesia as described elsewhere [16]. Body weights were 
taken and the pups were returned to their home cages. 

On the afternoon of postnatal day 12-14, mothers were 
removed from the litters and brief (1 minute) resting heart rates 
(cardiotachometer and polygraph, Grass Instruments), rectal 
temperatures and body weights were taken. Pups with ab- 
normal body weights, temperatures, or heart rates were ex- 
cluded from futher study. Three to four pups from each litter 
were implanted with carotid cannulae. 


Surgery 


The procedure for implanting cannula in the common 
carotid of two-week-old rat pups has been described 
elsewhere [27]. Briefly, pups are anesthetized with inhaled 
ether and, using a Wild MS stereoscope and microsurgical 
instruments, the left common carotid artery is exposed and 
ligated just caudal to its bifurcation. A cannula made of 
2-3 cm of Silastic tubing (Dow-Corning, #602-105, 0.6 mm 
o.d.) with a 7 cm length of PE-50 tubing attached to one end 
is passed subcutaneously from the back of the animal for- 
ward under the angle of the jaw to the anterior neck. The 
cannula is filled with heparin (1000 USP units/ml, Elkins- 
Sinn, Inc.) and the distal end is plugged with a small Am- 
phenol connector. The Silastic end of the cannula is cut at an 
angle and inserted approximately 3 mm into the artery. The 
clamp is then released and the tubing is pushed 2-3 mm 
farther into the artery. The Silastic catheter is anchored with 
the rostral carotid ligature and the wound is closed. The 
animal is turned on its stomach and approximately 5 mm of 
Silastic is fed subcutaneously into the neck region to allow 
for head movements. The joint between the Silastic and 
PE-50 tubings is secured at the point of exit from the skin 
with collodion and a suture. For non-deprived animals (see 
below), the PE-50 tubing was cut short (3-4 cm) and was 
drawn close to the animal’s back with an additional suture. 
Using this technique, approximately 80% of pups implanted 
were found to have cannulae that were undisturbed by the 
dams during the night, and approximately 80% of these had 
patent cannulae on the following morning. 


Procedure 


After recovery from surgery (about 1 hour) pups from 
three litters were returned to their mothers and unoperated 
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litter-mates. These were designated non-deprived animals. 
Each of the implanted pups from the other 3 litters (desig- 
nated deprived) was housed overnight in a small cage 
(10x 15x 10 cm) containing home cage bedding and kept on a 
regulated heating pad (36°C). In order to provide the sepa- 
rated pups with some social contact, without running a dan- 
ger of having the cannulae destroyed, an anesthetized (Ure- 
thane, 2 mg/kg) litter-mate was placed with each of the 
operated pups during the overnight separation. The remain- 
ing non-operated pups (at least 3) were returned to the 
mother. 

On the next morning, dams were removed from their 
home cages and placed in holding cages. In the case of non- 
deprived pups, the home cage was placed on a regulated 
heating pad and the litter was allowed to become quiet. After 
about 20 minutes, resting heart rates were taken on all pups. 
A similar procedure was followed for the deprived litters 
except that the resting heart rates of the separated animals 
were taken while the animals were in their overnight holding 
cages. The implanted animal was then attached to a pressure 
transducer (Statham, P23) using a section of PE-50 tubing. 
The cannula extension and heart rate leads were buried 
under home cage shavings and after about 10 minutes of 
recording blood pressure and heart rate, the mother was 
placed into the cage with her litter. 


Behavioral Observations 


As the mother was placed in the cage, one experimenter 
began to observe and verbally report behavior of the im- 
planted pup, its mother and littermates. A second experi- 
menter wrote the reported behaviors onto the polygraph 
paper in relation to the physiologic events recorded. The 
behavioral observations continued until the dams had com- 
pleted a nursing bout. These bouts were quite variable in 
length ranging from about 30 minutes to nearly 2 hours. In all 
cases the nursing bouts contained at least two, and usually 
3-4 milk ejections before being terminated by the mother 
leaving the nest. 

A milk ejection was behaviorally defined when a dam was 
seen to lift her body abruptly into an arch with all four legs 
splayed. Concurrently, the pups were seen to scramble be- 
neath the dam, stretch, push against their mothers ventrum, 
and often detach from a nipple and reattach to the same or a 
nearby nipple. This behavioral activation lasted 10-20 sec- 
onds, and with very rare exceptions, was an unmistakable 
feature of the interaction between mother and pups. 


Polygraph Scoring and Data Analysis 


The beginning of the milk ejection response was marked 
on the polygraph tracing using our behavioral notes and by 
locating the first evidence of activity shown by muscle 
movement artifact in the EKG channel. Blood pressure and 
heart rate were sampled once each second for five seconds 
prior to the start of that response. The ‘pre’ value for each 
milk ejection response was the median of those five samples. 
The ‘peak’ value was the highest blood pressure and heart 
rate reading that occurred before the tracings returned to at 
least 5 consecutive seconds of ‘pre’ levels. Blood pressure 
values are reported in millimeters of mercury (mmHg); heart 
rate in beats per minutes (BPM). The length of time that 
blood pressure and heart rate was elevated above ‘pre’ val- 
ues was also recorded. For blood pressure, the ‘peak’ value 
always occurred during the few seconds of the actual milk 
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FIG. 1. Examples of blood pressure and heart rate recordings of 
2-week-old rat pups during naturally occurring nursing bouts. The 
top two tracings show results during milk ejections from a single 
nursing bout of a non-deprived pup. The bottom two records are 
from a single nursing bout of a deprived pup. 


ejection response. The heart rate ‘peak’ occurred 20-90 sec- 
onds later. 

A mean ‘pre,’ ‘peak’ and ‘change’ value was obtained for 
each animal. Mean values reported in the text are followed 
by standard errors of the mean. Dependent /-tests were used 
to detect differences between the ‘pre’ to ‘peak’ values. 
Comparisons of non-deprived to deprived pups were made 
with independent f-tests. 

Each blood pressure reading was taken from the poly- 
graph tracing at the midpoint of the pulse wave. When blood 
pressure is recorded using small diameter cannulae in these 
young, awake animals, there is variable attenuation of the 
pulse pressure. For this reason, we believe that our approx- 
imation of mean arterial pressure provides the best measure 
of blood pressure in these preparations. 


RESULTS 


We recorded blood pressure and heart rate of 6 pups, 
each from a different litter, during nursing bouts with their 
own mothers. From 2-6 milk ejections were received by 
each of 3 non-deprived and 3 deprived infants. In all, we 
observed a total of 22 milk ejections. Four typical exam- 
ples of the polygraph tracings made during these milk 
ejections are shown in Fig. 1. The top two tracings were 
made from a non-deprived pup, while the bottom two 
show results from a pup reunited with its mother following 20 
hours of separation. As can be seen in this figure, blood 
pressure of sucking pups increases dramatically during the 
periods of milk ejection. Although it was not always possible 
to see the entire body of each pup, the increase in pres- 
sure was often coincident with the characteristic 
stretch exhibited by the pups. These stretches lasted approx- 
imately 2-4 seconds, and blood pressure appeared to fall 
from its peak when the pup stopped stretching. The return of 
blood pressure to its pre-ejection levels was variable, but 
averaged 8-9 seconds. Heart rate of the pups generally in- 
creased during and after the milk ejection. However, as is also 
shown in Fig. 1, heart rate often exhibited a transient 
bradycardia coincident with the increase in pressure. 

Quantitative analyses revealed that blood pressures in- 
creased significantly in both groups during the milk ejection 
(non-deprived: dep 1(2)=22.404, p<0.001; deprived: dep 
t(2)=12.755, p<0.01), and that the mean change in blood 
pressures was significantly greater in the deprived animals 
(ind 1(4)=3.967, p<0.02). These data are shown in Fig. 2. 
Analyses also indicated that there were no differences be- 
tween the groups in pre-ejection blood pressures (ind 
t(4)=0.429, NS), thus confirming earlier work showing no 
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FIG. 2. Blood pressure means (+SEM) for non-deprived (N =3) and 
deprived (N=3) pups before (Pre ME) and the highest pressure dur- 
ing (Peak during ME) naturally occurring milk ejections. 


differences in basal blood pressures between deprived and 
well-fed pups [27]. 

Although analyzing blood pressure changes during milk 
ejections was the primary focus of this study, we also ad- 
dressed the issue of whether there were changes of com- 
parable magnitude that were associated with other events or 
behaviors of the sucking infant. Accordingly, we measured 
the largest change in blood pressure that occurred within any 
5 second period during each minute of the entire nursing 
bout. We also noted what behavioral activity, if any, was 
coincident with the change. We found that the average blood 
pressure increase during milk ejection, for both deprived and 
non-deprived pups was twice as large as the average of these 
other changes (non-deprived: milk ejection=19+5 mmHg, 
other=10+0.3 mmHg; deprived: milk ejection=28+4 
mmHg, other=13+1 mmHg). Further, in the deprived 
group, the largest of these increases recorded during nipple 
attachment (+18 mmHg), just equalled the smallest of the 
blood pressure changes associated with milk ejection. In the 
non-deprived group there was no overlap between the blood 
pressure increases associated with milk ejection and other 
changes. The behavior most frequently associated with these 
other changes was treadling of the pup’s forepaws against 
the mother’s ventrum. 

Analyses of the heart rate data showed that following milk 
ejection there was an increase in heart rate that persisted for 
up to 3 minutes. For the non-deprived group the change from 
pre-ejection levels to the maximum following ejection did not 
reach significance (mean=39+19 BPM; dep 7(2)=2.083), 
though each of the 3 pups did show some rise following milk 
ejection. The average duration of the heart rate elevations 
was 35+14 seconds. For the three deprived pups, which 
showed less variable responses, the increase in heart rate 
was significant (mean 65+6 BPM; dep 7(2)=10.672, p<0.01), 
but was not significantly higher than in non-deprived 
animals. The duration of increase (150+38 sec) was longer 
than in the non-deprived group (ind 1(4)=2.814, p<0.05). 

Three of the six test pups had acute heart rate decreases 
coincident with the blood pressure rise associated with milk 
ejection. Two of these, both non-deprived pups, exhibited 
bradycardias during every milk let-down. The other, a de- 
prived pup, had bradycardia in response to 3 of the 4 milk 
ejections it received. With such small numbers of animals 
and variability in responses, no significant differences in 
numbers of bradycardias between groups were found. 


EXPERIMENT 2 


The results of the previous experiment showed that nat- 
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urally occuring milk ejections are accompanied by an abrupt 
and substantial increase in blood pressure of the nursing pup. 
Next, we asked whether milk ejection per se is the critical 
stimulus for these changes, or alternatively, whether the be- 
havior of the dam acts to stimulate the response. 

To begin to answer this question, we eliminated the 
mother’s overt behavior during nursing by eliciting milk ejc- 
tions in anesthetized mothers via intravenous oxytocin ad- 
ministration. This technique, which allows for more precise 
determination of the onset and offset of milk ejection, has 
other advantages as well. First, the pup’s behavior can be 
monitored more closely than in the natural nursing situation 
and thus behavioral correlates of the response can be meas- 
ured more accurately. Second, there is no chance of the 
mother rejecting the implanted pup or destroying the can- 
nula. Finally, if successful, the technique opens the door to 
further manipulations of the mother-pup interaction, such as 
timing of milk ejections, and facilitates studies using drugs 
and/or recording procedures that might interfere with normal 
nursing. 


METHOD 


Subjects for this experiment were derived as described 
previously. Twelve pups from 7 litters (3 non-deprived, 4 
deprived) were implanted with carotid cannulae and were 
treated as in the previous experiment. The important differ- 
ence in this experiment was that the dams were anesthetized 
(Urethane, 2 mg/kg, IP) and were implanted with jugular 
cannulae, using a modification of a previously published 
technique [25], before rejoining their litters. Shortly after 
surgery, a mother was placed into the home cage with two 
pups from her litter, one with a carotid cannula and heart 
rate leads, and a second pup used for behavioral verification 
of milk let-down. 

If the pup was not attached to a nipple after about 5 min- 
utes, it was nudged toward the mother’s ventrum and was 
encouraged to attach. Blood pressure and heart rate were 
recorded for about 10 minutes after attachment. After this 
period, the mother was given the first of three 0.15 ml bolus 
infusions of oxytocin (Pitocin, 0.012 units/kg) via the jugular 
cannula. The 3 oxytocin infusions were spaced 5 minutes 
apart. Annotated recordings were made as described previ- 
ously. 


RESULTS 


The pattern of blood pressure changes in this experiment 
was remarkably similar to that observed in the natural milk 
ejection study. Approximately 5 seconds following the infusion 
of oxytocin to the mothers, blood pressures of cannulated pups 
abruptly increased for a brief period of time (2-6 seconds) 
and, in most cases, returned to pre-ejection levels within 
about 10 seconds. Non-deprived pups tended to have a 
shorter duration of increase than deprived pups (non- 
deprived: 7.7+0.4 sec; deprived: 10.0+1.0 sec; ind 
1(10)=2.092, p<0.10). 

One of the distinct advantages of recording blood pres- 
sure using the anesthetized-mother/oxytocin preparation 
was that we could observe the behavior of the pups more 
clearly than in the natural nursing situation. In nearly all 
cases, deprived and non-deprived pups were seen to stretch 
for 2-5 seconds, scramble, occasionally switch nipples, and 
then return to a quite state. The beginning of the stretch 
response was often coincident with the initial rise in blood 
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FIG. 3. Examples of blood pressure and heart rate recordings of a 
deprived 2-week-old rat pup while attached to its anesthetized 
mother before, during and after 3 (labelled A, B, and C) consecutive 
milk ejections elicited by oxytocin. The bars indicate the time of 
oxytocin infusion. Other notes on the figure show treadles (TD), 
stretches (STR), the time when the pup was seen to come off of the 
nipple, as well as other behaviors. 


pressure. However, in some cases, the initial increase in 
pressure was more closely associated with a treadle, which 
was then followed by a stretch and a further blood pressure 
increase. The blood pressure fall from peak levels was ob- 
served to be simultaneous with the end of the stretch (see 
examples of deprived-pup responses in Fig. 3). 

In this experiment, there were a few examples of large 
blood pressure increases not associated with the initial 
oxytocin-elicited milk ejections. However, without excep- 
tion, these rises occurred in the periods just after the elicited 
let-downs and followed a nipple switch (see Fig. 3B). Our 
assumption is that the pups were receiving milk from the 
new, unsuckled nipple as well. The fact that the pups often 
stretched after reattachment supports this idea. There were 
no other rapid blood pressure increases of comparable size 
throughout the test sessions. 

Blood pressures of the groups were scored as in Experi- 
ment | and the mean values are depicted in Fig. 4. Analyses 
of these data showed there was no difference in pre-ejection 
blood pressures between the deprived and non-deprived 
groups (ind 7(10)=0.611, NS), an increase in both groups 
during the milk ejections (non-deprived: dep 1(5)=7.762, 
p<0.001; deprived: dep #(5)= 15.510, p<0.001), and that de- 
prived pups had larger increases in blood pressure than non- 
deprived pups (ind 1(10)=4.602, p<0.001). 

Heart rate changes during the milk ejections were similar 
to those reported in the natural milk ejection experiment. In 
this case, however, the magnitude of the heart rate increase 
after milk ejection reached statistical significance for non- 
deprived as well as deprived pups. For the non-deprived 
group, the average rise from pre to peak values was 28+6 
BPM (dep 1(5)=5.171, p<0.01). The heart rate rose 35+9 
BPM in the deprived pups (dep #(5)=4.590, p<0.01). The 
average duration of the elevation in cardiac rate was 60+17 
seconds for the non-deprived and 52+11 seconds for the 
deprived. Neither the magnitude nor the duration differed 
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FIG. 4. Blood pressure means (+SEM) for non-deprived (N=6) and 
deprived (N=6) pups before (Pre ME) and during oxytocin stimu- 
lated milk ejections (Peak during ME) from their anesthetized 
mothers. 


significantly between the 2 groups (ind fs(10)=0.647 and 
0.362, respectively). 

Acute bradycardia concurrent with blood pressure rise 
was observed in response to 10 of the 36 elicited milk ejec- 
tions. There were significantly more of these brief heart rate 
falls shown by deprived than non-deprived pups, 
x*(1)=4.985, p<0.05. In the non-deprived group, 2 pups each 
had | bradycardia. The deprived infants demonstrated the 
entire possible range of responses, from 0-3 bradycardias. 
The average magnitude of the bradycardia for those pups 
which had at least one was not significantly different between 
the 2 groups (non-deprived: —60+10 BPM; deprived: 
—137+42 BPM; ind 7(4)=1.214). 


DISCUSSION 


Regulation of systemic blood pressure is complex and 
critically important for the survival of animals. Because 
there has been clear evidence for many years of a relationship 
between environmental stress and cardiovascular function, 
defining situations in the environment that result in signifi- 
cant changes in blood pressure and heart rate is potentially of 
great importance for understanding both normal and abnor- 
mal cardiovascular system development. We have presented 
new evidence that the single most important stimulus for 
cardiovascular change in the normal environment of young 
rats is linked to feeding behavior. The average increases in 
blood pressure during milk ejection were twice as large as 
those seen at any other time, including times of locomotion, 
face washing, approach and attachment to the mother’s nip- 
ple and active interactions with littermates, as well as times 
when licked, groomed, or retrieved by the dam. This robust 
phenomenon was observed during both naturally-occurring 
feeding bouts and during milk delivery elicited via oxytocin 
administration in anesthetized dams. In addition, we found 
that the magnitude of this response is dependent upon the 
deprivational state of the animals. 

This acute blood pressure response during milk deliv- 
ery was in general coincident with the quick and 
stereotypical postural adjustment pups display after re- 
ceiving milk [5, 23, 24, 26]. We know from pilot studies in 
which milk was delivered to pups through tongue cannulae 
that milk is a sufficient stimulus for eliciting a blood pressure 
response. However, we do not know that milk is the only 
effective stimulus. It has been reported that the behavioral 
stretch response can be evoked from pups sucking on an 
anesthetized dam without any transfer of milk [20]. Thus, we 
cannot rule out the possibility that other events in the 
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micro-environment of the nipple act to stimulate the blood 
pressure response as well. 

The fact that the blood pressure increases we recorded 
following milk delivery were found to be temporally over- 
lapping with the behavioral stretch response leads to an im- 
portant question about this relationship. Is the blood pres- 
sure increase an independent component of an animal’s re- 
sponse to milk delivery, or is it part of an integrated behav- 
ioral/physiological response? A corollary to this question is 
the issue of whether the blood pressure increase might not 
result from hydrostatic or intra-thoracic pressures generated 
by the stretching of the pup. We have made two observations 
in pilot studies which shed light on these issues. First, when 
milk is delivered to pups by means of tongue cannulae, we 
have recorded increases in blood pressure even though these 
animals exhibited no obvious stretch response. This suggests 
that the blood pressure changes following milk delivery are 
not necessarily integrated with the behavioral components. 
Secondly, we have found that blocking sympathetic nerve 
activity of pups with a ganglionic blocker (hexamethonium) 
prior to milk delivery completely eliminates the increases in 
blood pressure even though the behavioral stretch remains 
intact. These preliminary data suggest that the blood pres- 
sure increases are not the result of changes in forces gener- 
ated by the stretch, and are, in contrast, linked to increases 
in sympathetic activity and vaso-constriction that accom- 
pany milk delivery. 

Although the blood pressure increase is short-lived, it is of 
such intensity that there is little doubt that it is an important 
component of normal cardiovascular regulatory function in 
young animals. At the present time we can only speculate as 
to what this function may be; the ultimate understanding of 
why this response occurs is likely intertwined with a number 
of physiological and behavioral processes important for 
normal development. Despite this uncertainty of ultimate 
meaning, the context in which the response is displayed, 
namely feeding, suggests some possible functions. 

Feeding, in addition to its obvious role in providing nutri- 
ent to suckled young, has been shown to be important for the 
regulation of many behavioral and physiological systems [6, 
11, 14, 31]. In particular, Hofer’s work over the past several 
years has shown that the rat pup’s heart rate is controlled in 
large part by the nutrient provided by the mother [13, 14, 17, 
27]. Periods of prolonged nutrient deprivation result in a 40% 
fall in cardiac rate, and refeeding restores normal heart rate. 
Blood pressure remains unchanged throughout, apparently 
due to finely adjusted changes in peripheral vasoconstric- 
tion. Thus, the dramatic increase in blood pressure we have 
observed during milk delivery may be the first of a series of 
cardiovascular adjustments to nutrient consumption. It is 
possible that the initial stages of ingestion are marked by a 
massive, sympathetically-mediated vasoconstriction fol- 
lowed by mesenteric vasodilation. This would result in in- 
creased flow to the mesenteric vascular bed and thus aid in 
nutrient absorption. Alternatively, the mesenteric bed may 
constrict for a brief period of time to prevent excessive or too 
rapid absorption of the liquid nutrient. With regard to these 
possible types of adjustments, it is interesting to note that 
large increases in blood pressure have also been observed in 
adult animals when they drink, and to a lesser extent when 
they eat [21]. 

Another possibility, which is not exclusive of the above 
hypotheses, is that the quick rise in blood pressure simply 
reflects the pup’s excited response to an exceptionally sa- 
lient stimulus. We already know that milk is extremely rein- 
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forcing to rat pups, eliciting vigorous and exaggerated body 
movements [5,9], sudden increases in sucking [4,26], and 
supporting the acquisition of learned associations [3,18]. 
Such a powerful stimulus clearly arouses the pups, and a 
dramatic increase in sympathetic activity may be a compo- 
nent of this arousal. In fact, since we have recently found 
that rat pups studied with unanesthetized dams are always 
asleep prior to milk delivery [26], such activation could play 
a very useful role in waking the pups and potentiating quick 
withdrawal of milk from the teats during the few seconds it is 
available. 

Regardless of the specific mechanisms of action and acute 
function, the sudden rise in blood pressure that accompanies 
milk delivery may have an extremely important role in nor- 
mal development of cardiovascular function in the rat. We 
estimate, based upon published data [8, 15, 22, 26], that milk 
delivery occurs 30-80 times each day, or 600-1600 times 
throughout the three week nursing period. If intense car- 
diovascular activation accompanies each milk delivery at all 
ages, it is not difficult to imagine that these numerous 
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events have an important role in shaping future responsive- 
ness of the cardiovascular systems. In fact, recent as yet 
unpublished data collected by Myers and colleagues (see [28] 
for an abstract of these results) suggests that individual 
differences in adult blood pressure of spontaneously hyper- 
tensive and normotensive Wistar Kyoto rats are positively 
correlated with the particular nursing posture of dams which 
is associated with milk let-down (i.e., the arched/legs- 
splayed posture). Taken together, these findings provide im- 
portant new clues about what factors in the normal environ- 
ment of young rats elicit the greatest blood pressure and 
heart rate responses, and suggest that these naturally occur- 
ring events may serve as ontogenic regulators of cardiovascu- 
lar system development. 


ACKNOWLEDGEMENTS 


We thank Ludmilla Skaredoff for technical assistance and Richard 
Shindledecker for his thoughtful suggestions. This research was 
supported by PHS grants HL29874 and MH40430. 


REFERENCES 


. Blizard, D. A. Individual differences in autonomic responsivity 
in the adult rat—Neonatal influences. Psychosom Med 33: 
445-457, 1971. 

. Boyles, W. R., R. W. Black and E. Furchtgott. Early experi- 
ence and cardiac responsivity in the female rat. J Comp Physiol 
Psychol 59: 447-449, 1965. 

. Brake, S. C. Suckling rats learn a preference for a novel olfac- 
tory stimulus paired with milk delivery. Science 211: 506-508, 
1981. 

. Brake, S. C., R. Sullivan, D. J. Sager and M. A. Hofer. Short- 
and long-term effects of various milk-delivery contingencies on 
sucking and nipple attachment in rat pups. Dev Psychobiol 15: 
543-556, 1982. 

. Drewett, R. F., C. Statham and J. B. Wakerly. A quantitative 
analysis of the feeding behaviour of suckling rats. Anim Behav 
22: 907-913, 1974. 

. Evoniuk, G. E.,C. M. Kuhn and S. M. Schanberg. The effect of 
tactile stimulation on serum growth hormone and tissue or- 
nithine decarboxylase in rat pups. Commun Psychopharmacol 
3: 363-370, 1979. 

. Freedman, D. G., J. A. King and O. Elliot. Critical period in the 
social development of dogs. Science 133: 1016-1017, 1961. 

. Grota, L. and R. Ader. Continuous recording of maternal be- 
havior in Rattus norvegicus. Anim Behav 17: 722-729, 1969. 

. Hall, W. G. Feeding and behavioral activation in infant rats. 
Science 205: 206-209, 1979. 

. Hallback, M. Consequences of social isolation on blood pres- 
sure, cardiovascular reactivity and design in spontaneously 
hypertensive rats. Acta Physiol Scand 93: 455-465, 1975. 

. Harper, R., T. Hoppenbrouwers, D. Bennett, J. Hodgman, M. 
Sterman and D. McGinty. Effects of feeding on state and car- 
diac regulation in the infant. Dev Psychobiol 10: 507-517, 1977. 

. Henry, J. P., J. P. Meehan and P. M. Stephens. The use of 
psycho-social stimuli to induce prolonged systolic hypertension 
in mice. Psychosom Med 29: 408-432, 1967. 

- Hofer, M. A. Physiological responses of infant rats to separa- 
tion from their mothers. Science 168: 871-873, 1970. 

. Hofer, M. A. The mother-infant interaction as a regulator of 
infant physiology and behavior. In: Symbiosis in Parent- 
Offspring Interactions, edited by L. A. Rosenblum and H. 
Moltz. New York: Plenum Press, 1983, pp. 61-75. 

. Hofer, M. A. and M. Grabie. Cardiorespiratory regulation and 
activity patterns of rat pups studied with their mothers during 
the nursing cycle. Dev Psychobiol 4: 169-180, 1971. 

. Hofer, M. A. and M. F. Reiser. The development of cardiac rate 
regulation in preweanling rats. Psychosom Med 31: 372-388, 
1969. 


17. Hofer, M. A. and H. Weiner. Physiological mechanisms for 
cardiac control by nutritional intake after early maternal sep- 
aration in infant rats. Psychosom Med 37: 8-24, 1975. 

18. Johanson, I. B. and W. G. Hall. Appetitive conditioning in 
neonatal rats: Conditioned orientation to a novel odor. Dev 
Psychobiol 15: 379-397, 1982. 

19. Lais, L. T., R. A. Bhatnagar and M. J. Brody. Inhibition by 
dark adaptation of the progress of hypertension in the spontane- 
ously hypertensive rat. Circ Res 34: Suppl 1, 155-160, 1974. 

20. Lau, C. and S. J. Henning. Investigations of the nature of the 
‘*stretch response”’ in suckling rats. Physiol Behav 34: 649-651, 
1985. 

21. LeDoux, J. E., A. Sakaguchi and D. G. Reis. Behaviorally 
selective cardiovascular hyperreactivity in spontaneously 
hypertensive rats: Evidence for hypoemotionality and increased 
appetitive motivation. Hypertension 4: 853-863, 1982. 

. Leon, M., L. Adels and R. Coopersmith. Thermal limitation of 
mother-young contact in Norway rats. Dev Psychobiol 18: 85- 
105, 1985. 

. Lincoln, D. W., K. Hentzeen, J. Hin, P. Vunder Schoot, G. 
Clarke and A. J. S. Summerlee. Sleep: A prerequisite from re- 
flex milk ejection in the rat. Exp Brain Res 38: 151-162, 1980. 

. Lincoln, D. W., A. Hill and J. B. Wakerly. The milk-ejection 
reflex of the rat: An intermittent function not abolished by sur- 
gical levels of anesthesia. J Endocrinol 57: 459-476, 1973. 

. Popovic, P., H. Sybers and V. P. Popovic. Permanent cannula- 
tion of blood vessels in mice. J Appl Physiol 25: 626-627, 1968. 

. Shair, H., S. Brake and M. Hofer. Suckling in the rat: Evidence 
for patterned behavior during sleep. Behav Neurosci 98: 366- 
370, 1984. 

. Shear, M. K., S. A. Brunelli and M. A. Hofer. The effects of 
maternal deprivation and refeeding on the blood pressure of 
infant rats. Psychosom Med 45: 3-9, 1983. 

. Squire, J., M. Myers, S. Brunelli and M. Hofer. Early environ- 
mental effects on cardiovascular development. Proceedings of 
the Annual Meeting of the International Society for Devel- 
opmental Psychobiology, 1984, p. 85. 

. Tang, M., R. Gandelman and J. L. Falk. Amelioration of genetic 
(SHR) hypertension: A consequence of early handling. Physiol 
Behav 28: 1089-1091, 1982. 

. Voloshin, L. M. and J. H. Tramezzani. Milk ejection reflex 
linked to slow wave sleep in nursing rats. Endocrinology 105: 
1202-1207, 1979. 

. Yogman, M. W. and S. Zeisel. Diet and sleep patterns in new- 
born infants. N Engl J Med 309: 1147-1149, 1983. 





Physiology & Behavior, Vol. 37, pp. 177-180. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 


003 1-9384/86 $3.00 + .00 


BRIEF COMMUNICATION 


Odor Identification: 
The Blind are Better 


CLAIRE MURPHY 
Department of Psychology, San Diego State University, San Diego, CA 92182-0350 
AND 
WILLIAM S. CAIN 


John B. Pierce Foundation Laboratory and Department of Epidemiology and Public Health 
Yale University, New Haven, CT 06519 


Received 23 May 1985 


MURPHY, C. AND W. S. CAIN. Odor identification: The blind are better. PHYSIOL BEHAV 37(1) 177-180, 1986.— 
Twenty sighted and twenty blind adults, 19 to 66 years of age, participated in tests of olfactory sensitivity to n-butyl alcohol 
and of identification of 80 everyday odors. The blind had poorer absolute sensitivity, but outperformed the sighted at 
identification. Age proved an important factor in the comparison; more than half the variance in identification within each 


group was ascribable to an age-related decline. 
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THE olfactory abilities of people deprived of sight have re- 
ceived scant attention. In three studies on smell and blind- 
ness in the past century, blind participants exhibited slightly 
better absolute sensitivity in one instance [10] and slightly 
worse sensitivity in two others [2,6]. Griesbach [10] used a 
Zwaardemaker olfactometer and Cherubino and Salis [6] and 
Boccuzzi [2] used blast-injection olfactometers. The validity 
of both types of instruments has been questioned widely [9]. 
Hence, on the basis of existing literature, one could expect 
either increased or decreased olfactory sensitivity in the 
blind. An exclusive focus on absolute sensitivity, however, 
ignores the interesting possibility that the blind may differ in 
how well they process odor; irrespective of, or even in spite 
of, their absolute sensitivity. We sought to investigate this 
matter using the task of odor identification, supplemented 
with a task of odor detection. 


METHOD 
Subjects 


Twenty blind persons participated (mean age 44.5+23.5 
years). Each had a sighted control matched for age (mean 
age 45.3+23.5 years), sex (13 females, 7 males), and educa- 
tion (blind, 13.8+2.3; sighted, 14.6+2.8). Blind participants 
were recruited through nonmedical channels in the Philadel- 
phia and San Diego communities. These persons lived at 
home, were in good general health, and mobile. The sample 
included both early blind and late blind. Self-reported details 


of the causes of blindness were often obscure. Seventeen 
participants were blind prior to age 21. Seven seemed to fit a 
criterion of legal blindness from birth. Five blind and five 
control participants smoked. The diversity of the group 
simply reflected the vicissitudes of obtaining a critical 
number of participants. 


Procedure 


Participants served in three one- to two-hour sessions 
separated by about three days. Ten blind and 20 sighted 
participants were tested in the laboratory. The other 10 blind 
participants were tested in private residences. On the first 
day, participants sought to identify 80 every day odors, such 
as baby powder, cloves, cigarette butts, lemons, mothballs, 
and pencil shavings, presented in random order in small jars 
held under the nostrils. Both blind and sighted participants 
wore blindfolds during testing. Participants were supplied 
with the veridical label when incorrect. 

In the second and third sessions, a threshold task pre- 
ceded the identification task. In the threshold task, partici- 
pants sought to detect weak concentrations of the odorant 
n-butyl alcohol sniffed monorhinically from squeezable 
plastic bottles. The odorant was prepared in a series begin- 
ning with 4% v/v in deionized water. Each successive dilu- 
tion was one-third the concentration of the preceding dilu- 
tion. The materials and procedure conformed to that of a 
standard clinical threshold test described in detail elsewhere 
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FIG. 1. Correct identification of the odors of 80 everyday substances 
by 20 blind and 20 sighted participants over three sessions. Lengths 
of the bars represent two standard errors of the mean difference. 


[5]. Briefly, two-alternative, forced-choice testing (odor 
solution vs. water blank) progressed from weaker to stronger 
concentrations. (Descending concentration series are gen- 
erally avoided in olfactory threshold testing to minimize con- 
founding by adaptation.) After an incorrect choice (i.e., 
selection of the blank), stimulus concentration was increased 
on the next trial. Correct choices led to presentation of the 
same concentration, to a criterion of four correct in a row. 
Trials were paced approximately 90 seconds apart to avoid 
adaptation. Four threshold determinations were made, two 
per nostril over the two sessions. Two blind subjects and 
their matched controls were not tested for threshold. After 
the threshold task in sessions 2 and 3, the participant sought 
to identify the 80 odors again. The experimenter gave cor- 
rective feedback as on the first day. 


RESULTS 


Sighted participants had significantly better absolute 
sensitivity. This held true for the average of both nostrils 
(threshold equalled 0.13 ppm for controls and 1.42 ppm for 
blind participants), F(1,34)=10.76, p<0.002, for the better 
nostril, F(1,34)=8.96, p<0.005, and for the worse, 
F(1,34)=11.70, p<0.002. Despite their relative advantage in 
sensitivity, the sighted identified significantly fewer odors 
than the blind, F(1,28)=10.69, p<0.003. On the first day of 
testing, the sighted identified 25.6 odors, whereas the blind 
identified 33.6, i.e., 31% more. In subsequent sessions, both 
groups improved markedly, F(2,56)= 160.9, p<0.0001 (Fig. 
1). By the third session, the sighted identified 45.6 and the 
blind 52. Hence, the difference in number of identified items 
remained about the same. 

The participants varied in age over more than 45 years. 
This span (19 to 66 years) had a significant effect on perform- 
ance, F(1,28)=21.88, p<0.00001. Threshold correlated with 
age for the blind (r=0.48, p<0.05), though not for the sighted 
(r=.04). Identification correlated negatively and strongly 
with age both for the blind (r=—0.73, p<0.001) and the 
sighted (r=—0.81, p<0.001). Correlations were based on 
mean performance over three sessions. Regression lines for 
the blind and sighted groups, fitted to the mean performance 
(over the three sessions for each subject) as a function of 
age, implied that the loss with age would amount to 0.73 
items per year for the blind and 0.93 items per year for the 
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FIG. 2. Odor threshold for n-butyl alcohol (left) and odor identifica- 
tions for 80 substances (right) for participants above (50 to 66 years) 
and below (19 to 45 years) the median age. 


sighted. Age, therefore, acounted for more than half the 
variance of identification performance within groups. Doty 
et al. recently reported a similar outcome [8]. 

Half the participants in each group fell below age 50 and 
half at 50 or above. Figure 2 shows that the blind’s disadvan- 
tage in absolute sensitivity and advantage in identification 
were smaller for those below the median age. Of greater 
importance, the figure reveals that younger sighted people 
enjoyed an advantage in identification over older blind 
people. This outcome lends perspective to the advantage 
enjoyed by the blind at any given age. Only until their mid- 
forties will the blind enjoy an absolute advantage. 

With a modest number of blind subjects, we sought to 
control other sources of variability. Blind subjects and con- 
trols were matched as closely as possible on other subject 
variables. As a result, the study was not designed to detect 
the influence of gender or smoking history on olfactory sen- 
sitivity or identification, and no attempt was made to obtain 
equal numbers of males and females, or smokers and non- 
smokers, in a single group. One-way analyses of variance on 
smoking history and gender, both with unequal subjects, 
would result in F values less than one. 

To be scored correct on an item a participant had to give 
its veridical name. Incorrect names, however, often carried 
information about odor identity. In some cases, the names 
implied that the participant missed correct identification only 
narrowly. In some other cases, the names implied that the 
participant possessed only generic information (e.g., spice 
for nutmeg). 

In order to decide whether merely a subtle difference 
separated the sighted and blind, we divided the incorrect 
identifications given on the first presentation, hence, prior to 
any feedback, into categories of near misses and far misses. 
Near misses comprised instances where the labels seemed 
close enough to veridical to have arisen from relatively 
minor sensory confusions (e.g., lime for lemon). Far misses 
comprised all other misidentifications, including instances of 
generic information. Other examples of this classification 
system can be found in Cain’s work [3,4]. The blind differed 
from the sighted in relative frequency of veridical labels (42% 
vs. 32%) and far misses (42% vs. 53%) rather than in fre- 
quency of near misses (16% vs 15%). The disparity between 
the sighted and blind arose, therefore, from frank rather than 
subtle variation in performance. Furthermore, as Fig. 3 
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FIG. 3. The difference in odor identification performance in Session 
1 between the 20 blind and the 20 sighted subjects is shown for each 
of the 80 substances by the width of the bar. Bars extending to the 
right of zero indicate superior performance by the blind and bars 
extending to the left of zero indicate superior performance by the 
sighted. The pattern of differences remained the same in Sessions 2 
and 3. 


demonstrates, the superiority of the blind seemed not to de- 
rive from an ability to identify any particular variety of odor- 
ants, such as foods, personal products, or household prod- 
ucts, but distributed itself uniformly across classes of items. 


DISCUSSION 


The current study sheds light on the previous state of 
ambiguity in the literature regarding olfactory sensitivity in 
the blind. There was clearly an enhancement in the ability of 
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the blind in this study to identify odors at suprathreshold 
levels. Ability to detect odor at the threshold level (the de- 
pendent variable in the three previous studies cited above) 
showed no such enhancement. The present study supports 
the position that the blind person is no better than the sighted 
person at detecting the presence of an olfactory stimulus, but 
that once an olfactory stimulus is detected, the blind person 
is better able to identify it. 

The superior identification ability of the blind in this study 
is particularly impressive in view of their slightly poorer 
measured threshold sensitivity to n-butyl alcohol. Since the 
population of blind people is made up of people with primary 
and secondary neurological deficits, the type and degree of 
which will be related to the cause of blindness, not all blind 
people will have poorer olfactory threshold sensitivity. 
Neurological impairment accompanying blindness of certain 
etiologies (e.g., perinatal hypoxia, meningitis, venereal dis- 
ease in the mother) reported by our sample could account for 
some cases of poorer sensitivity [1]. Unfortunately, the 
quality of medical histories available and the sample size 
would make an attempt to link specific etiologies with varia- 
tion in olfactory sensitivity unproductive. The fact that this 
sample included blind subjects with poorer threshold sen- 
sitivity makes their superior performance at identification 
even more impressive. 

Despite their poorer average sensitivity, our group of 
blind participants showed a significant negative correlation 
between absolute threshold and identification (r=—0.66, 
p<0.01). Sighted participants yielded a negative but nonsig- 
nificant correlation (r=—0.37). Hence, absolute threshold 
does not seem irrelevant to identification, but its relevance 
here must be appreciated conjointly with the variable of 
blindness-sightedness. 

N-butyl alcohol, which has been recommended for use as 
a standard for olfactory research [11], was chosen in this 
instance because of its success in the clinical context [5]. The 
intercorrelation of sensitivity to odorants demonstrated by 
Rabin et al. [12] suggests that one odorant can yield a good 
characterization of olfactory sensitivity. 

Odor identification is probably the most important infor- 
mation processing task in the olfactory domain. It entails 
cognitive, particularly memorial, skills, as well as sensory 
ability. The blind do develop search and attention strategies 
that facilitate auditory and haptic information processing 
[7,13]. Perhaps the blind have sharpened their odor memory 
and would learn names for new odors faster than would 
sighted counterparts. Perhaps, however, the blind have not 
cultivated any special talent, but have merely become more 
proficient with the particular odors of modern life. Our find- 
ing that the increment obtained from practice in odor iden- 
tification was about the same in both the blind and the 
sighted suggests that the blind may just have come into the 
experimental situation with more accumulated knowledge. 

Like reading braille or locating large objects from sound 
reflections, odor identification is a skill that offers distinct 
benefits for those who need it and choose to invest in it. The 
blind apparently make an investment, even to the point of 
overcoming certain minor olfactory limitations. 
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SCHAEFER, G. J.,R. W. BONSALL AND R. P. MICHAEL. An automatic device for measuring speed of movement and 
time spent at rest: Its application to testing dopaminergic drugs. PHYSIOL BEHAV 37(1) 181-186, 1986.—We describe a 
device to measure speed of movement and time at rest for use with a commercially available infrared photobeam activity 
monitor. This system is a reliable substitute for a human observer and provides additional measures of activity that can help 
in interpreting how psychoactive drugs alter behavior. The effects of graded doses of d-amphetamine, haloperidol and 
(—)3-(3-hydroxyphenyl)-N-n-propylpiperidine, (—)-3-PPP, were studied with the device, and the results confirmed that 
these drugs differentially alter speed of movement and time at rest. 


Infrared photobeam activity monitor 
d-Amphetamine Haloperidol (—)-3-PPP 


DRUG-INDUCED changes in activity patterns in rodents 
are used routinely in pharmacology and toxicology [5, 10, 
11]. The data generated by studies on locomotor activity 
often provide important information about a drug’s behav- 
ioral profile and complement data obtained in other 
paradigms. Several commercial devices automatically meas- 
ure motor activity by recording infrared beam interruptions, 
and the number of beam interruptions per unit time provides 
data for examining the dose-related effects of drugs. In addi- 
tion to measuring the number of photobeam interruptions 
over time, the speed at which beam interruptions occur can 
also be measured and this may provide a more refined 
analysis of a drug’s action. For example, a drug may increase 
the total number of beam interruptions either by a continu- 
ous, steady increase in activity, or by an intense increase in 
beam interruptions interspersed with normal or extended 
periods of inactivity. To differentiate between such drug- 
induced changes in behavior, speed of movement and time at 
rest can be utilized. Under many testing conditions, animals 
are first habituated to the test apparatus and spend much of 
their time at rest. This baseline of inactivity is also sensitive 





Locomotor activity 


Speed of movement Time at rest 


to chemical manipulation [7,8]. We describe in this report the 
principle for measuring speed of movement and time spent at 
rest, and examine the effects on these variables of three 
drugs that alter dopamine neurotransmission which is criti- 
cally involved in motor activity [1,6]. 


TECHNICAL DESCRIPTION 


The device, termed a Behavioral Control Unit, is de- 
signed to control a commercially available locomotor activ- 
ity unit (“‘Digiscan,"’ Model RXY, Omnitech Electronics, 
Columbus, OH); it can be used with any device, including an 
operant test chamber, that produces a +5 V DC pulsed 
signal. During test sessions, the animal is placed in a Plexi- 
glas box (39.4 39.4 30.5 cm high, inside dimensions) in the 
Digiscan. The horizontal activity counter of the Digiscan re- 
cords all photobeam interruptions. The ambulatory activity 
counter ignores repetitive interruptions of the same photo- 
beam such as those caused by grooming or scratching; it, 
therefore, measures movement of the animal about the box. 
The difference between horizontal and ambulatory counts 


‘Requests for reprints should be addressed to Gerald J. Schaefer, Ph.D., Georgia Mental Health Institute, 1256 Briarcliff Road, N.E.., 


Atlanta, GA 30306. 
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4 DIGIT DISPLAYS 


FIG. 1. Block diagram for pulse rate analysis section of the Behav- 
ioral Control Unit. The numbers inside the rectangles indicate the 
integrated circuit (IC) device number. All parts and supplies can be 
purchased from Jameco Electronics (Belmont, CA) for approx- 
imately $200. Refer to text for explanation of the functions of indi- 
vidual components. 


represents non-ambulatory activity, and this may be used to 
measure stereotyped movements. Each event on the hori- 
zontal and ambulatory counters is registered as a +5 V DC 
pulsed signal available at external connections of the Digi- 
scan. In these studies, the Behavioral Control Unit was con- 
nected to the horizontal output. Since this Digiscan unit re- 
quires an external control to time the session, we have built 
this capability into the unit. A schematic diagram of the unit 
is shown in Fig. 1. Timing signals (1 Hz and 10 Hz) are 
produced from line frequency (60 Hz) using a power trans- 
former suitable for clock-type applications (JE 100). The 
signal, held at +5 V by a zener diode, is first divided by 6 
using a 7492 integrated circuit (chip) and then by 10 using a 
7490 chip. Two timers, consisting of 4 digit up/down count- 
ers (7217) operated by the | Hz signal, control the sessions. 
The first timer delays the start of the session to reduce the 
immediate effects of drug injection and handling, factors 
previously found important in open-field testing [15]. The 
second timer controls the duration of the session and ac- 
tivates the 7 digit horizontal and ambulatory activity count- 
ers on the Digiscan. The pulsed output from the Digiscan 
activates a one-shot pulse former (555) that charges a 
capacitor through a diode. Since the capacitor continuously 
discharges through a precision resistor, the voltage on the 
capacitor is proportional to the pulse rate on the Digiscan 
input. This voltage is applied to a 4-channel voltage com- 
parator (LM 339). Outputs from the comparator are latched 
(7475) for the duration of a 10 Hz pulse and act as data inputs 
to a 74138 1-of-8 decoder. The decoder switches the 10 Hz 
signal to one of four 7208 4-digit counters. By adjusting each 
channel of the voltage comparator separately, the duration of 
any given range of pulse rates (activity rates) from the Digi- 
scan can be recorded in '/10 second increments on the 7208 
counters. The actual settings are arbitrary: we connected 
Channel | to ground so that it records time spent at rest (no 
photobeam interruptions). The other channels are adjusted 
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using a variable speed motor to interrupt the photobeams in 
the Digiscan: Channel 2 at 90 interruptions/min (75 mV), 
Channel 3 at 260 interruptions/min (150 mV) and Channel 4 
at 475 interruptions/min (300 mV). These settings are stable 
and can be checked each session. In addition to the digital 
information produced by the four channels, an analog record 
is produced by using the voltage on the control capacitor to 
drive a strip chart recorder. The recorder pen moves to the 
right in proportion to the speed of the animal’s movement. 
When the animal becomes inactive, the pen returns to 
baseline. Circuit diagrams are available from the authors. 


PERFORMANCE OF THE SYSTEM 


To validate this system, we performed two experiments. 
In the first, 10 female Sprague-Dawley rats (Charles River, 
Wilmington, MA) weighing 240-280 g were used. The 
animals were tested in the apparatus for two consecutive 
days. Tests consisted of three consecutive 5-min sessions 
with a 30-sec timeout after the first and second sessions for 
recording data. On the first day the animals, then experi- 
mentally naive, were removed from their home cage and 
placed one at a time in the apparatus. For each 5-min test 
session, the scores for horizontal activity, ambulatory activ- 
ity and the four channels were obtained. In addition, time at 
rest (no photobeam interruptions) was manually scored with 
an electronic stopwatch using a procedure described previ- 
ously [13]. To evaluate changes in the autonomic nervous 
system that might indicate stress produced by a novel en- 
vironment, the number of fecal boli deposited during each 
5-min session was also measured. This dependent variable is 
one of the oldest and most widely used measures of *‘emo- 
tionality”’ in open-field testing [15]. The results are presented 
in Table 1. It can be seen that animals were very active 
during the first test period on Day 1. Approximately 2/3 of 
their time was spent moving. There was a high correlation 
between horizontal activity and Channel 1 (r=—0.92), and 
the correlation between Channel | and time spent at rest 
using a manual procedure was also high (r=0.95). The corre- 
lation between Channels | and 2, however, was only mod- 
erate (r=—0.58), and that between horizontal activity and 
number of fecal boli was very small (r=0.08). Habituation 
occurred rapidly as evidenced by changes in all parameters 
during the second 5-min session. Time spent at rest (Channel 
1) was increased more than twofold over the first period; 
again it correlated highly with the horizontal activity meas- 
ure (r=—0.99) and the manual procedure (r=0.90), and mod- 
erately with Channel 4 (r=—0.73). The correlation between 
Channel | and number of boli was again small (r=0.25). Ac- 
tivity (horizontal and ambulatory) was lowest during the 
third period, and the amount of time resting was highest. 
Channel 1 correlated highly with horizontal activity 
(r=—0.99) and with manual scoring (r=0.94). 

Habituation occurred both within and across days. Dur- 
ing the first 5-min period of Day 2, activity scores were only 
about half that of the first day; time at rest was increased by 
about 70%. Channel | was again highly correlated with hori- 
zontal activity (r=—0.99) and with manual scoring (r=0.96), 
but not with number of boli (r=—0.19). During the remaining 
two periods on Day 2, further habituation occurred. Activity 
(both horizontal and ambulatory) decreased as did time spent 
moving at all speeds. Time at rest increased until in the final 
period the animals spent 97% of their time at rest, and this 
was confirmed by manually scoring this behavior with a 
stopwatch. 





MEASURING SPEED OF MOVEMENT 


TABLE | 
MEAN VALUES (+SEM) FOR ALL BEHAVIORAL PARAMETERS 





Counts Time (sec) 


Horizontal 


Ambulatory Channels Stop 
Activity 


Day Session Activity 2 3 Watch 





869 445 102.9 83.3 76.5 37.3 111.2 

(+86) (+46) (+15) (+5) (+7.4) (+6) (+17) 
169.5 62 248.5 35.1 13 3.5 249.4 
(+42) (+21) (+ 13.7) (+9.1) (+4) (+1.4) (+15.8) 
146 55 255.7 29.4 12.3 2.6 257.6 
(+21) (+14) (+8.7) (+4.5) (+1.1) (+15.2) 


248 176.6 61.7 44.4 17.4 162.6 
(+50) (+19) (+7.5) (+8.7) (+4.4) (+ 19.5) 
24 277.6 15.3 5.9 1.1 275.8 
(+15) (+11.5) (+7.5) (+3.4) (+0.8) (+ 10.9) 
8 291.4 7.1 1.5 0.1 287.6 
(+7) (+5.3) (+3.9) (+1.3) (+0.1) (+6.0) 





Rats (n=10) were tested for two consecutive days, and on each of the days the animals were tested for three consecutive 5-min 
sessions. 


TABLE 2 


NUMBER OF INFRARED PHOTOBEAM INTERRUPTIONS (+SEM) OCCURRING DURING 10-MIN TEST 
SESSIONS AND TIME (IN SECONDS, +SEM) ACCUMULATED IN EACH OF 4 CHANNELS DURING 10-MIN 
TEST SESSIONS FOLLOWING GRADED DOSES OF d-AMPHETAMINE (n=12) 





d-amphetamine mg/kg 
Vehicle 


Parameter (Raw score) 





Horizontal Activity 763 101 
(+66) (+15) 

Ambulatory Activity 337 98 
(+34) (+17) 

Channel 1 410 100 
(+13.4) (+5) 

Channel 2 106.9 106 
(+8.3) (+11) 

Channel 3 70.5 119 
(+10.5) (+19) 

Channel 4 27.1 93 
(+3.8) (+20) 





Data for each dose are presented as a percent of vehicle scores. 
*Significantly different from vehicle, p<0.05. 
+Significantly different from vehicle, p<0.01. 


In a second experiment we used this system to evaluate female rats (12 per group) were also used and they were 


change in activity patterns produced by three compounds 
that alter dopamine neurotransmission. The drugs used were 
d-amphetamine, a dopamine agonist which increases the re- 
lease of newly synthesized dopamine and blocks its re- 
uptake [4], and haloperidol, a dopamine antagonist which 
blocks postsynaptic receptors. Also studied was (—)3-(3- 
hydroxyphenyl)-N-n-propylpiperidine, (—)-3-PPP. This is a 
relatively new compound which is thought to act as a partial 
agonist at dopamine autoreceptors and also to block 
postsynaptic receptors at high doses [2,3]. For these studies 


habituated to the handling and injection procedures for at 
least five days by administering saline (1 ml/kg) and by being 
placed 15 min later in the Digiscan unit for 12 min. Following 
this, testing with vehicle (Monday, Thursday) or drug (Tues- 
day, Friday) began. Animals were administered either vehi- 
cle (saline for d-amphetamine and (—)-3-PPP, 3:2 ratio of 
8.5% lactic acid and 1 N NaOH for haloperidol) or a dose of 
drug, and tested either 15 min (d-amphetamine, (—)-3-PPP) 
or 45 min (haloperidol) later. Doses refer to the base. The 
first 2 min served as the daily habituation period and no data 
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TABLE 3 


NUMBER OF INFRARED PHOTOBEAM INTERRUPTIONS (+SEM) OCCURRING DURING 10-MIN TEST 
SESSIONS AND TIME (IN SECONDS, +SEM) ACCUMULATED IN EACH OF 4 CHANNELS DURING 10-MIN 
TEST SESSIONS FOLLOWING GRADED DOSES OF HALOPERIDOL (n= 12) 





Vehicle 


Parameter (Raw score) 


Haloperidol mg/kg 


0.03 0.1 0.3 





Horizontal Activity 647 
(+6) 
Ambulatory Activity 54+ 
(+7) 
Channel | , 114 
(+4) 
Channel 2 : 86 
(+5) 
Channel 3 56. 67* 
(+9) 
Channel 4 : 397 
(+7) 


387 377 147 
(+8) (+12) (+11) 
397 367 147 
(+9) (+12) (+13) 
1277 1287 1417 
(+5) (+7) (+6) 
507 467 157 
(+9) (+12) (+9) 
387 377 147 
(+8) (+13) (+12) 
267 257 157 
(+8) (+10) (+15) 





Data for each dose are presented as a percent of vehicle scores. 


*Significantly different from vehicle, p<0.05. 
*Significantly different from vehicle, p<0.01. 


TABLE 4 


NUMBER OF INFRARED PHOTOBEAM INTERRUPTIONS (+SEM) OCCURRING DURING 10-MIN TEST 
SESSIONS AND TIME (IN SECONDS, +SEM) ACCUMULATED IN EACH OF 4 CHANNELS DURING 10-MIN 
TEST SESSIONS FOLLOWING GRADED DOSES OF (-—)-3-PPP (n= 12) 





Vehicle 


Parameter (Raw score) 0.1 


(—)-3-PPP mg/kg 


0.3 1.0 





Horizontal Activity 82 
(+8) 

Ambulatory Activity 73* 
(+9) 

Channel 1 110 
(+6) 

Channel 2 ‘ 87 
(+7) 
. 89 
i (+10) 
Channel 4 : 687 
(+11) 


Channel 3 


507 
(+9) 
417 
(+9) 
1257 
(+6) 
667 
(+11) 
487 
(+10) 
267 
(+5) 





Data for each dose are presented as a percent of vehicle scores. 


*Significantly different from vehicle, p<0.05. 
+Significantly different from vehicle, p<0.01. 


were collected. The next 10 min served as the test session 
during which time the counters on the Digiscan and Behav- 
ioral Control Unit were active. The scores for all vehicle 
days that preceded drug days were averaged separately for 
each activity measure; analyses of variance using a ran- 
domized block design were then performed on each param- 
eter [9] followed by Dunnett’s test (two-tailed) to determine 
which doses of drug differed from vehicle control values. 
All three drugs were tested over a 100-fold dose range and 
the results are shown in Tables 2-4. All analyses of variance 
were significant and the post hoc Dunnett’s results are given 


in the tables. d-Amphetamine produced a graded increase in 
both total horizontal and ambulatory activity, which was ac- 
companied by a decrease in time spent resting (Channel 1). 
In Channel 2, the maximum increase (157%) occurred at 0.3 
mg/kg. The greatest increase in Channel 3 (370%) and Chan- 
nel 4 (854%) both occurred at 1.0 mg/kg. Thus, the relative 
change of speed and the dose which produced the greatest 
change differed among the channels. Differences also oc- 
curred after haloperidol administration (Table 3). Both hori- 
zontal and ambulatory activity were decreased following 
graded doses of haloperidol. At the highest dose nearly all 





MEASURING SPEED OF MOVEMENT 


activity ceased; the animals remained at rest for over 99% of 
the session. A 50% reduction in horizontal activity occurred 
at approximately 0.02 mg/kg. However, at the slowest speed 
(Channel 2), a 50% reduction in responding occurred at 0.03 
mg/kg; in contrast, at the highest speed (Channel 4), a 50% 
reduction occurred at a dose of less than 0.01 mg/kg. Thus, 
the faster the speed of movement, the greater the disruption 
produced by haloperidol. The results with (—)-3-PPP again 
showed a different pattern (Table 4). Even at the highest 
dose (10 mg/kg) there was not a complete loss of movement, 
and the greatest change occurred with 3.0 mg/kg. At 0.3 
mg/kg a 50% reduction occurred in horizontal activity. For 
the slowest speed (Channel 2), 1.0 mg/kg was required to 
produce a 50% reduction in speed; in contrast, for Channel 4, 
only a 0.2 mg/kg dose was required to reduce high speeds by 
50%. As with haloperidol, the faster the speed of movement, 
the greater the disruption observed. 


DISCUSSION 


The methodology described here permits a more detailed 
analysis of the effects of environmental and pharmacological 
manipulations on activity patterns than is possible by manual 
scoring. Previously we used the method of open-field obser- 
vations to measure changes in locomotor activity 
produced by neuroleptics alone and in combination with 
d-amphetamine [13]. Only a single measure of activity 
(number of subdivisions entered) was recorded. In the pres- 
ent system several measures were recorded simultaneously 
and it is clear that there were quantitative differences in the 
extent to which drugs altered these parameters. The dose- 
dependent changes in ambulation produced by d- 


amphetamine were consistent with results produced in the 


apparatus previously used (unpublished). However, we can 
now determine that while movement at several speeds was 
altered, it was the fastest speed which was most affected by 
the drug. The results with haloperidol were also consistent 
with our previous report [13], although in the present study a 
higher dose was required to suppress movement completely. 
In addition, the present data showed that movement at high 
speeds was suppressed by lower doses of haloperidol than 
was movement at slower speeds. Our findings with (—)-3- 
PPP are of particular interest since it is a novel drug with 
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potential therapeutic applications [3]. In the studies of others 
[2,3], a dose of 0.4 mg/kg (as the salt) produced a 50% reduc- 
tion in locomotor activity. This value is close to that found in 
the present study (0.3 mg/kg, as the base). In addition, the 
present data show that movement at a high speed was de- 
pressed to a greater extent than that at a low speed. 

This system was also useful in a defailed analysis of the 
changes in motor activity produced by a novel environment. 
Thus, habituation was found to occur rapidly within a single 
day and also over several days. The effect was seen with 
activity counts and with time spent resting. However, 
habituation did not occur to the same extent for movement at 
all speeds, but occurred to a greater extent at the fastest 
speed. Such data as these have not been reported previously. 
An important use of this system would be to evaluate not 
only the dose-response effects but also the time-course of 
drug effects. Additionally, the time-course of environmental 
manipulations could also be tested. The system provides an 
appropriate substitute for human observation, and gives ad- 
ditional information not reliably obtained by a single ob- 
server. 

We have previously reported that d-amphetamine in- 
creases the rate of lever-pressing and lowers the reinforce- 
ment threshold for brain self-stimulation in the medial fore- 
brain bundle; in contrast, haloperidol decreases response 
rate and raises the reinforcement threshold [12]. Neither of 
these drugs, however, alter the detection thresholds for brain 
stimulation [14]. Therefore, while motor activity is a pre- 
requisite for operant responding, it is clear that changes in 
the performance of an operant response do not always paral- 
lel changes in activity. The analysis of activity patterns of the 
type described here will help provide information needed to 
describe more fully the actions of drugs on behavior, and this 
may be useful in predicting their clinical application. 
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PALMER, K. AND J. M. GRAY. Central vs. peripheral effects of estrogen on food intake and lipoprotein lipase activity in 
ovariectomized rats. PHYSIOL BEHAV 37(1) 187-189, 1986.—The effects of implants of estradiol benzoate (EB) into 
either the ventromedial nucleus (VMH-EB) or the paraventricular nucleus (PVN-EB) of the hypothalamus were compared 
to the effects of peripheral EB (Per-EB) replacement in ovariectomized rats. After three days of hormone treatment, the 
Per-EB group and the PVN-EB group exhibited a decrease in food intake and body weight. Adipose tissue lipoprotein 
lipase activity was generally suppressed for the Per-EB, PVN-EB, and VMH-EB groups in the left and right parametrial 
and retroperitoneal fat pads. The finding that the VMH-EB and PVN-EB groups experienced similar peripheral stimulation 
but differed on the food intake and body weight measures would suggest that these measures are not entirely under 
peripheral control. The findings support the hypothesis that estrogen exerts its effects via multiple mechanisms, both 
central and peripheral. In addition, the PVN is shown to be an important site for further research on the modulation of 


feeding and metabolism by estrogen. 


Ventromedial hypothalamus Paraventricular nucleus 
Lipoprotein lipase Body weight 


MANY studies have demonstrated that the ovarian steroid, 
estradiol, causes short-term decreases in food intake and 
body weight gain, and sustained changes in carcass com- 
position and metabolic activity in adult, female rats (for re- 
views, see [6,11]). The mechanisms by which estrogen af- 
fects feeding are complex, with data suggesting multiple sites 
of action of the steroid [11]. Although changes in adipose 
tissue lipoprotein lipase (LPL) activity are normally ob- 
served prior to behavioral changes following estrogen admin- 
istration [9], changes in food intake can also be observed in 
the absense of decreases in LPL activity in rats who have 
received 24-hr implants of estradiol benzoate (EB) in the 
ventromedial hypothalamic (VMH) region, and in which 
there is no indication of peripheral leakage of the hormone 
[7]. 

The current study was designed to address two questions 
to further explore the interaction of central nervous and pe- 
ripheral metabolic systems in the expression of the 
estrogen-induced effects on feeding and lipid metabolism. 





Estradiol benzoate 


Food intake 


First, we lengthened the duration of the earlier implant study 
[7], exploring the effects of 3 days of EB administration on 
both food intake and peripheral LPL activity. Second, we 
examined the effects of estrogen implants in the paraven- 
tricular nucleus of the hypothalamus (PVN) in addition to 
implants in the ventromedial nucleus (VMH). The PVN lies 
at the endpoint of the ventral noradrenergic pathway, a tract 
that includes the VMH and has been implicated in the regu- 
lation of feeding [2]. The demonstration of estradiol binding 
sites in the PVN [5], and the finding that estradiol implants 
into the PVN of ovariectomized guinea pigs decrease food 
intake [1] suggest that the PVN might be responsive to direct 
estrogen stimulation in rats. 


METHOD 
Animals and Housing 


Thirty-five adult female Sprague Dawley rats, weighing 
220-250 g at the time of surgery, were obtained from Blue 


‘Requests for reprints should be addressed to Janet M. Gray, Ph.D., Department of Psychology, Box 246, Vassar College, Poughkeepsie, 


NY 12601. 
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Spruce Farms (Altman, NY). Animals were singly housed in 
wire-bottom cages with Purina Rat Chow pellets and tap 
water available ad lib. A 12:12 hr light-dark cycle (lights on at 
0900 hr) was maintained throughout the experiments. 


Surgery 


All animals were ovariectomized via bilateral, dorsolat- 
eral incisions and stereotaxically implanted with left unilat- 
eral, concentric double-walled stainless steel cannulae (inner 
27 ga, outer 22 ga). One half of the cannulae were aimed at 
the VMH using the coordinates: AP —0.2, L + 1.0, DV —9.0. 
The other half were aimed at the PVN using the coordinates: 
AP +0.2, L +0.5, DV —7.2 [8]. Rats were anesthetized with 
sodium pentobarbital anesthesia (Nembutal; 40 mg/kz) and 
received supplementary subcutaneous injections of 0.4 mg 
atropine and 4 mg dexamethasone to help combat the im- 
mediate stresses of anesthesia and surgery. Data are re- 
ported for the 34 rats in which the implant was correctly 
placed in the hypothalamic region. 


Procedure 


In the 10-12 days following surgery, food intake was 
measured daily between 0900 and 1000 hr. Food spillage was 
recovered, and 24 hr intakes were measured to the nearest 
0.1 g. During this period, body weights were also measured 
to the nearest 0.1 g. 

Animals were then placed into one of four treatment 
groups whose means for baseline food intake and body 
weight were the same. The three day period of hormone 
treatment was then initiated. To deliver the hormone (es- 
tradiol benzoate, EB) or the control vehicle (cholesterol), the 
inner cannulae were replaced with cannulae filled with either 
undiluted crystalline EB or crystalline cholesterol (Sigma 
Chemical Co.) using a previously outlined method [12]. The 
filled cannulae were returned to the implanted outer can- 
nulae between 0900 and 0930 on day 0 of the experiment. 

Experimental manipulations for the four groups were as 
follows: Control animals (N=7) received inner cannulae 
filled with cholesterol, 3 into the VMH and 4 into the PVN. 
On days 0, 1, and 2 they received SC injections of 0.1 cc 
sesame oil vehicle. Peripheral group (Per-EB) animals (N=8) 
received inner cannulae filled with cholesterol, 4 into the 
VMH and 4 into the PVN. On days 0, 1, and 2 they received 
SC injections of 2 wg EB. VMH-EB group (N=10) and 
PVN-EB group (N=9) animals received inner cannulae filled 
with EB into the VMH or PVN, respectively. On days 0, 1, 
and 2 VMH-EB and PVN-EB animals received SC injections 
of 0.1 cc sesame oil vehicle. On days 1, 2, and 3, 24 hr food 
intakes were measured. On day 3, final body weights were 
taken. 


Tissue Preparation and Assays 


On day 3, animals were killed by decapitation between 
0930 and 1030. Uteri were dissected and weighed. Parame- 
trial and retroperitoneal adipose tissues were dissected, 
weighed, and homogenized for analysis of LPL activity using 
previously published methods [3]. The brains of animals with 
VMH-EB and PVN-EB implants were removed from the 
skulls and fixed in 10% Formalin. Frozen coronal sections 
(40 4) were stained with cresyl violet for histological analysis 
of implant placements. Histological assessment of the brain 
sections confirmed the placements of the implants. 

For all measures, statistical comparisons involving 4 
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TABLE | 


EFFECT OF CENTRAL [LEFT VMH-EB OR PVN-EB] VS. 
PERIPHERAL [Per-EB] ADMINISTRATION OF ESTRADIOL 
BENZOATE ON CHANGES IN FOOD INTAKE AND BODY WEIGHT 





Percent Change in Food Intake Percent Change 


in Body Weight 


Treatment Day 1 Day 2 Day 3 Days 1-3 





Control 0.5 —5.6 —2.0 1.51 
+7.4 #112 +9.1 +1.14 
—23.0 —33.1 —29.2 —3.79 
£73 7.0 +11.5 +1.66 
— 16.7 —3.8 —1.8 —0.22 
£3.59 23:2 +4.8 +0.49 
-—17.9 —21.9 —23.4 —2.87 
+7.6 +14.0 £7.31 +1.54 


Per-EB* 


VMH-EB 


PVN-EB* 





Data are presented as mean percent changes from baseline+ 
S.E.M. values. 
*p<0.05 vs. control, Changes in food intake and body weight. 


groups were made using the appropriate analysis of variance. 
Significant F values (p<0.05) were followed by comparisons 
of means using Student Newman-Keuls post-hoc tests. 


RESULTS 


Baseline average daily food intake did not differ signifi- 
cantly across groups. Table 1 summarizes the effect of hor- 
mone replacement on daily food intake expressed as the per- 
cent of baseline average. Repeated measures ANOVA re- 
vealed a significant treatment effect, F(3,30)=3.38, p<0.05, 
with relative food intakes for the Per-EB and PVN-EB 
groups significantly lower than those for the VMH-EB 
group. The VMH-EB group did not exhibit a significant de- 
crease in food intake, with mean food intake during hormone 
treatment being 90% of baseline. However, 4 of the 10 rats 
did decrease their feeding by more than 15%. 

Pretreatment body weights did not differ significantly 
across groups. A significant suppression in body weight was 
seen for the Per-EB and PVN-EB group, as compared to the 
control group when data were expressed either as absolute 
values, F(3,29)=3.69, p<0.05, or percent changes in body 
weight relative to baseline (pretreatment) values, 
F(3,29)=3.74, p<0.05, Table 1. 

A significant effect of hormone treatment on uterine 
weight was found, F(3,30)=20.7, p<0.01. The three 
hormone-treated groups, Per-EB (0.331+0.028 g), VMH-EB 
(0.191+0.022 g) and PVN-EB (0.205+0.019), all showed 
significantly higher uterine weights than the control group 
(0.110+0.007 g). In addition, the uteri of the Per-EB group 
animals weighed signficantly more than those of both the 
VMH-EB and PVN-EB groups. Uterine weights for the 
VMH-EB and PVN-EB groups were not statistically differ- 
ent. 

No significant differences were found in fat pad weights, 
either as a function of hormone treatment or side of location 
(data not shown). 

Analysis of the LPL data (Table 2) revealed significant 
differences across groups in both the parametrial (left PM 
and right PM), F(3,26)=5.19, p<0.01, and retroperitoneal (left 
RP and right RP), F(3,26)=4.30, p<0.05, fat depots. Post- 
hoc tests revealed that LPL activity in the fat pads was sup- 





ESTROGEN, LPL AND FOOD INTAKE 


TABLE 2 


EFFECT OF CENTRAL [LEFT VMH-EB OR PVN-EB] VS. 
PERIPHERAL [Per-EB] ADMINISTRATION OF ESTRADIOL 
BENZOATE ON ADIPOSE TISSUE LPL ACTIVITY 





LPL Activity (umol FFA released/hr/mg protein) 


Treatment L-PM R-PM L-RP R-RP 





Control 1.201 
+0.210 
0.318 
+0.075 
0.586 
+0.144 
0.567 
+0.175 


1.702 
+0.660 
0.378 
+0.093 
0.548 
+0.212 
0.630 
+0.260 


1.796 
+0.400 
0.717 
+0.230 
1.115 
+0.353 
0.784 
+0.180 


1.582 
+0.360 
0.638 
+0.230 
0.593 
+0.129 
0.623 
+0.107 


Per-EB* 


VMH-EB* 


PVN-EB* 





Data are presented as mean + S.E.M. values. 
*p<0.05 vs. control. 


pressed in the Per-EB, VMH-EB, and PVN-EB groups al- 
though there were no differences in enzyme activity across 
the three estrogen groups (Table 2). There were no effects of 
pad side (right vs. left pad) on LPL activity. 


DISCUSSION 


The present results indicate that implants of EB into the 
PVN alter food intake and body weight as effectively as do 
peripheral injections of EB. This supports the earlier finding 
that EB implants into the PVN suppress food intake in 
ovariectomized guinea pigs [1]. The uterine weight data are 
of help in addressing the question of whether peripheral 
leakage of hormone from the PVN implant produced the 
significant effects observed. The PVN-EB and VMH-EB 
rats’ uterine weights were the same, and thus it can be as- 
sumed that an equal amount of leakage occurred in the two 
groups. The similar reductions in LPL activity that occurred 
in the PVN-EB and VMH-EB groups were as expected with 
the equal peripheral leakage, assuming that the EB was hav- 
ing direct effects on the peripheral enzyme. However, the 
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fact that the VMH-EB and PVN-EB groups differed on the 
food intake and body weight measures indicates that the con- 
trol of these two measures is centrally, not peripherally, 
mediated by these animals. This finding is further substan- 
tiated by the result that decreased LPL activity in the VMH 
group did not sustain a decrease in food intake. A final cau- 
tionary note is in order; because of the proximity of the PVN 
to the midline, it is quite possible that steroid leakage across 
the midline occurred in the PVN-EB animals. In the absence 
of direct comparisons of bilateral implants or steroid levels in 
the actual nuclei, it therefore is not possible to make direct 
comparisons of the relative efficacy of the EB on the PVN 
vs. the VMH in modulating hormone-induced changes in 
feeding. 

The result that VMH implants of EB did not induce a 
decrease in food intake contradicts the findings of earlier 
studies [7,12]. The nonsignificant trend toward suppression 
of food intake in VMH rats on day | is supported by an earlier 
finding in our lab that implants of EB into the VMH sup- 
press food intake over a 24 hour period [7]. In similar work 
using 3-day VMH implants, rats decreased food intake 
within 12 hours but began to show an increase by day 3 [12]. 
An interesting question to be addressed in subsequent 
studies is the time course of the changes in LPL activity and 
feeding, to determine whether there are differences in the 
order of appearances of these changes in animals with cen- 
tral as opposed to peripheral estrogen administration. 

In summary, the data presented here implicate the PVN 
in the regulation of feeding and they lend support to both 
central and peripheral regulation of food intake and metabo- 
lism by estrogen. Further research is needed to explore how 
these two apparently distinct processes of control act in an 
integrated manner which reflects not only the primary effects 
of estrogen but also the secondary responses to the observed 
changes in behavioral and metabolic processes. 
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KINSLEY, C. AND B. SVARE. Prenatal stress effects: Are they mediated by reductions in maternal food and water 
intake and body weight gain? PHYSIOL BEHAV 37(1) 191-193, 1986.—Heat and restraint stress reduced maternal food 
and water intake as well as body weight gain in pregnant Rockland-Swiss (R-S) Albino mice. Because maternal undernutri- 
tion during pregnancy has been reported to disrupt sociosexual behavior in male and female rodent offspring, prenatal 
stress effects may be modulated, in part, by alterations in essential regulatory behaviors of pregnant animals. 
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PRENATAL stress (heat and restraint or overcrowding) in 
rodents disrupts the normal course of sexual differentiation 
and leads to alterations in sociosexual behavior [11, 14, 16, 
17, 19]. The effects are pervasive and longlasting, usually 
taking the form of demasculinization (i.e., a reduction in 
male-typical behaviors) and feminization (i.e., an increase in 
the propensity to exhibit female-typical behaviors) [16]. In 
male rodents, prenatal stress leads to reductions in copula- 
tory behavior [16], intermale aggression [5,10], and infan- 
ticide [15]. In females, prenatal stress results in irregular 
estrous cycles, [8], and reductions in sexual responsiveness 
[1, 8, 9], postpartum aggressive behavior [12], maternal be- 
havior [7,9], and fertility and fecundity [6]. 

While studying the effects of prenatal stress (heat and 
restraint) on a variety of sociosexual behaviors in mice [10], 
we noted that pregnant animals typically do not gain as much 
weight during the stress period in comparison to undisturbed 
control animals. Our observations, coupled with earlier re- 
ports (e.g., [3,14]) showing that maternal food restriction 
and/or undernutrition alone are as effective as heat and re- 
straint in causing deficits in offspring sexual responses, 
prompted us to systematically document the effects that heat 
and restraint stress have on maternal ingestive behaviors 
(food and water intake) and body weight gain in pregnant 
mice. 





GENERAL METHOD 


The subjects for the present experiment were Rockland- 
Swiss (R-S) albino female mice born and reared in our colony 
at the State University of New York at Albany. At 60 days of 
age the females were timed-mated by placing them with a 
stud male and checking for the presence of a copulatory plug 
every morning thereafter. Upon discovery of a plug (Gesta- 
tion Day 0), the females were isolated in 11.5x7.5xS5 in. 
polypropylene cages, the floors of which were covered with 
wood shavings. The females were provided with ad lib ac- 
cess to food (Charles River Mouse Chow) and water. The 
colony room temperature was maintained at a constant 
24+2°C, with a 12/12 hr light/dark cycle with lights on at 6:00 
a.m. 

On the morning of day 12 of gestation (R-S gestation 
length is 19 days), the females were weighed, provided with 
pre-weighed food cups (containing powdered Charles River 
Mouse Chow) and water bottles, and randomly assigned to 
one of three groups (N=10/group). The first group of animals 
(Group STRESS) was exposed to heat and restraint stress 
according to the method of vom Saal [15]. Briefly, this in- 
volved placing each female into a 3.251.125 in. Plexiglas 
restraint tube over which were poised two 150 watt flood 
lights. This configuration produces 350 foot candles of il- 
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TABLE 1 


THE MEAN (+S.E.M.) LITTER SIZES AT BIRTH, MEAN (+S.E.M.) BODY WEIGHTS (GRAMS) AT BIRTH, 
AND MEAN (+S.E.M.) MATERNAL BODY WEIGHTS AT PARTURITION OF ROCKLAND-SWISS (R-S) 
ALBINO FEMALE MICE THAT WERE EXPOSED TO HEAT AND RESTRAINT STRESS FROM GESTATION 
DAYS 13 TO 18 (GROUP STRESS), NOT EXPOSED TO STRESS BUT FOOD AND WATER RESTRICTED 
(GROUP NON-STRESS), OR LEFT UNDISTURBED (GROUP CONTROL) 





Mean (+S.E.M.) 
Litter 
Group Size 


Mean (+S.E.M.) 
Litter Body 
Weight (Grams) 


Mean (+S.E.M.) 
Maternal Body 
Weight (Grams) 





STRESS 
NON-STRESS 
CONTROL 


11.0 (+1.6) 
10.3 (+0.5) 
11.7 (+1.0) 


1.31 (+0.01)* 
1.54 (+0.01) 
1.50 (+0.01) 


33.01 (+1.86)* 
36.84 (+ 1.04) 
36.15 (+2.06) 





*Significantly different from Groups NON-STRESS and CONTROL, p<0.05. 


lumination and an ambient temperature within the restraint 
tube of 38°C. The stress procedure was administered begin- 
ning on day 13 of gestation through day 18, for a total of six 
days. There were three 30-minute stress sessions each day at 
8:30 a.m., and 12:30 and 4:30 p.m. The second group of 
animals (Group NON-STRESS) simply had their food cups 
and water bottles removed from the cage for the same dura- 
tion of time that Group STRESS did not have access to food 
and water (i.e., for the three 30-minute sessions per day). 
This was done in order to control for the unavailability of 
food and water in Group STRESS during the time they were 
away from their cages. The third group of animals (Group 
CONTROL) was not disturbed in any way except for the 
daily determinations of food and water intake and body 
weight. 

Each morning prior to the first stress session each animal 
was weighed, and the amount (grams) of food and water 
consumed over the preceding 24 hours was recorded to the 
nearest 0.01 g. At parturition, the females were weighed, and 
their litters were counted, weighed, and checked for the 
presence of any anomalies (dead pups, evidence of can- 
nibalism, etc.). The mean body weight of each litter within 
each of the three groups was calculated and used as a single 
data point for the purposes of statistical analyses. 


RESULTS AND DISCUSSION 


Figure 1 depicts the results for food intake, water intake, 
and body weight over the course of Gestation Days 13-18 for 
animals of Groups STRESS, NON-STRESS, and CON- 
TROL. It is evident from the figure that pregnant mice of 
Group STRESS exhibited reductions in ingestive behavior as 
well as body weight gain. A one-way repeated measures 
analysis of variance (ANOVA) was performed on each of the 
three variables. The ANOVA for food intake revealed signif- 
icant main effects for treatment, F(2,27)=17.3, p><0.001, and 
days, F(5,135)=5.9, p<0.001, as well as a significant treat- 
ment by days interaction, F(10,135)=5.6, p<0.001. Post hoc 
comparisons using the Fisher’s Least Significant Difference 
Test (LSD) (a=0.05) indicated that there were no differences 
between the groups on the day prior to the administration of 
stress (Gestation Day 13). On each gestation day thereafter, 
however, the animals of Group STRESS consumed signifi- 
cantly less food than the animals of either Group NON- 
STRESS or Group CONTROL. Animals of Group NON- 
STRESS and Group CONTROL did not differ from each 
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FIG. 1. Mean daily food intake (grams) (top panel), water intake (ml) 
(center panel), and body weight (grams) (bottom panel) of pregnant 
Rockland-Swiss (R-S) albino mice that were exposed to heat and 
restraint stress from Gestation Days 13 to 18 (Group STRESS), not 
exposed to stress but food and water restricted (see the General 
Method section) (Group NON-STRESS), or left undisturbed (Group 
CONTROL). 


other on any gestation day with respect to the amount of 
food consumed. ANOVA of the water intake data revealed a 
significant treatment by days interaction, F(10,135)=3.0, 
p<0.002, but no significant main effects for treatment or 
days. Post hoc tests showed that the groups did not differ 
with respect to water intake on Gestation Days 13 (prior to 
stress) and 17. Animals of Group STRESS, however, drank 
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significantly less water on days 14, 15, and 18 of gestation 
than either of the two control groups, which did not differ 
from each other on the same gestation days. On Gestation 
Day 16, animals of Group STRESS drank less water than 
animals of Group NON-STRESS but not animals of Group 
CONTROL. ANOVA of the body weight data revealed that 
there was no main effect of treatment. There was, however, 
a significant main effect of days, F(5,135)=543.4, p<0.0001, 
as well as a significant treatment by days interaction, 
F(10,135)=9.0, p<0.001. Post hoc tests revealed that there 
were no differences in body weight between the groups on 
the day prior to stress (Gestation Day 13). For every ges- 
tation day thereafter, though, animals of Group STRESS 
weighed significantly less than animals of both control 
groups. Animals of Group NON-STRESS did not signifi- 
cantly differ from animals of Group CONTROL on Gestation 
Days 13, 14, and 15. Beginning on Gestation Day 16, how- 
ever, and continuing until Day 18, animals of Group NON- 
STRESS weighed significantly less than animals of Group 
CONTROL. This indicates that either failure to have access 
to food and water for the three half-hour periods, or some 
aspect of removing the food cups and water bottles, may 
have been stressful to the pregnant mice on those days. 
Table 1 shows the data for litter size and litter body 
weight at birth, and maternal body weights at parturition for 
animals of Groups STRESS, NON-STRESS, and CON- 
TROL. There was no difference among the three groups in 
the number of pups present at birth. There was, however, a 
pronounced effect on the average body weight of the litter. 
An ANOVA on these data revealed a significant treatment 
effect, F(2,27)=5.6, p<0.009, and post hoc tests showed that 
pups of Group STRESS exhibited significantly lower birth 


weights than did neonates of the other groups; Groups 
NON-STRESS and CONTROL did not differ from each 
other with respect to the birth weights of pups. ANOVA also 
showed a significant effect of treatment on maternal body 
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weight at parturition, F(2,27)=7.2, p<0.003. Post hoc tests 
revealed that animals of Group STRESS were reliably lighter 
than animals of either Groups NON-STRESS or CON- 
TROL, which were not significantly different from each 
other. There was no evidence of differential pup mortality or 
other observable anomalies. 

Prenatal stress effects on rodent sociosexual behaviors 
are thought to be mediated, at least in part, by alterations in 
fetal and/or maternal endocrine function. For example, pre- 
natal stress alters the timing of fetal testosterone secretions 
[17,18], disrupts aromatizing enzyme activity [19], and alters 
the morphology of the sexually-dimorphic nucleus of the 
preoptic area (SDN-POA) [2]. Studies also show that the 
offspring of nutritionally stressed (food restricted) pregnant 
rats exhibit disruptions in copulatory behavior and reduc- 
tions in the size of the SDN-POA that are very similar to 
those documented for heat and restraint stress [2,14]. In con- 
junction with the above effects on the fetus, undernutrition 
during pregnancy also leads to acute reductions in maternal 
levels of progesterone and the gonadotropins in pregnant rats 
and mice (e.g., [4,13]). These findings, in combination with 
our own results showing reduced maternal ingestive behav- 
iors (food and water intake) and body weight in pregnant 
mice, raise interesting questions regarding the actual mech- 
anism responsible for environmentally produced (heat and 
restraint or overcrowding) prenatal stress influences on be- 
havior. Do reductions in maternal ingestive behavior and 
body weight represent unimportant correlates of environ- 
mental stress during pregnancy? Or, on the other hand, do 
such changes following stress stimulate or act in concert with 
the well-documented hormonal changes that occur in the 
fetus and the gravid female. At the very least, changes in the 
regulatory behaviors exhibited by pregnant females must be 
taken into account when developing comprehensive theories 
to explain prenatal stress effects on the development of 
sociosexual behaviors in rodents. 
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WELSH, D. K., G. S. RICHARDSON AND W. C. DEMENT. A circadian rhythm of hippocampal theta activity in the 
mouse. PHYSIOL BEHAV 35(4) 533-538, 1985.— 


The abstract should be changed to read as follows: 


WELSH, D. K., G. S. RICHARDSON AND W. C. DEMENT. A circadian rhythm of hippocampal theta activity in the 
mouse. PHYSIOL BEHAV 35(4) 533-538, 1985.—Hippocampal theta activity dominates the cortical EEG of the mouse 
during certain behaviors. We have therefore been able to study the circadian distribution of hippocampal theta activity by 
means of chronic EEG implantation and computerized EEG state scoring. Observations in six mice indicate consistent and 
significant circadian patterns of theta-dominated EEG, both during wakefulness (theta-dominated wake, or TDW) and 
during sleep (REM sleep). The probability of REM rises gradually to a maximum during the sleep period and then falls abruptly at 
activity onset just as the probability of TDW is rising from near zero. TDW is closely associated with wheel running activity: the 
episodes of each coincide remarkably, as do their circadian distributions. The probability of TDW rises to a very high level at 
activity onset and then falls gradually. The complementary circadian patterns of REM and TDW suggest that they may be two 
halves of a single circadian rhythm of theta probability. This concept would be relevant in interpreting the abnormally 
phase-advanced pattern of REM sleep observed in human depressives. 
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Editorial 


The introduction of the new Software Survey Section to 
Physiology & Behavior is to encourage the open exchange of 
information on software programs unique to our professional 
field. With the rapid penetration of computers into academic 
and industrial institutions has come a parallel increase in the 
number of scientists and researchers designing their own 
software. The existence of much of this software remains 
unknown to even those of us who could most benefit from its 
use. We believe that it is of vital importance to our readers 
that such information be made available. We believe also 
that a professional journal is the best place to share such 
information. Your contribution would be most welcome. 

The questionnaire on the following page is designed to 
assist you in reporting on software that you may have devel- 
oped or be in the process of developing. By completing this 
form, your information will reach thousands of your col- 
leagues who may benefit from your work and may possibly 
offer suggestions for further enhancements to your software. 
Please complete the enclosed form and return it to: 


Dr. Matthew J. Wayner 

Division of Life Sciences 

The University of Texas at San Antonio 
San Antonio, Texas 78285 


We do not intend to review or comment on the contents of 
the questionnaire. It will be published as is, in the next avail- 
able issue, in order to expedite the information cycle proc- 
ess. | would welcome any comments you may have. 
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SOFTWARE DESCRIPTION FORM 


Title of Software Package: 














Itis:[ ] Application Program [ ] Utility [ ] Other 
Specific Area: (e.g., Thermodynamics, Inventory Control) 
Software developed for [name of computer(s)] 
in [language(s)] to run under [operating system] 
and is available in the following media: 














[ ] Floppy Disk/Diskette Specify: 
Size Density [ ] Single siding [ ] Dual siding 
[ ] Magnetic Tape Specify: 
Size Density Character set 
Distributed by: 
Minimum Hardware Configuration Required: 
Required Memory: 
User Training Required: [ ] Yes [ ]No 
Documentation: 
{ ] None [ ] Minimal [ J]Self-documention [ ] Extensive External Documentation 
Source Code Available: [ ] Yes [ ]No 
Level of Development: 
[ ] Design Complete [ ] Coding Complete [ ] Fully Operational 
[ ] Collaboration would be welcomed 
Is software being used currently? [ ] Yes [ ] No 
If yes, how long? 
If yes, how many sites? 
Contributor is available for user inquiries? [ ] Yes [ ]No 
Description of what Software does [200 words]: 














Potential Users: 
Fields of Interest: 
Name of Contributor: 
Institution: 
Address: 




















Telephone Number: 
Reference number [Assigned by Journal Editor] 
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LEINONEN, L. AND D. STENBERG. Sleep in Macaca arctoides and the effects of prazosin. PHYSIOL BEHAV 37(2) 
199-202, 1986.—Polygraphic (EEG, EOG, EMG) 12-hr recordings were made in 3 adult monkeys (Macaca arctoides) to 
document their normal sleep pattern and to examine the effects of prazosin, an alpha-l-adrenoceptor antagonist. In 
comparison to man, REM episodes appeared at shorter intervals (50 min) and they always ended in movement arousal or 
waking up. As in man the proportion of deep sleep decreased and the proportion of REM sleep increased towards morning. 
During eight hours after parenteral administration of prazosin, at doses without any noticeable behavioral side effects, the 
number of REM episodes and the amount of REM sleep was 30 to 80 percent greater than during the control nights. The 
changes were statistically nonsignificant. However, since the results were similar in all three monkeys, it can be suggested 
that prazosin had some effect on the cyclicity of sleep. Dose 1 mg/kg resulted in behavioral side effects and disturbed sleep. 


Sleep Prazosin Monkey 





INTERFERENCE with the noradrenergic innervation of the 
brain, either by lesions in the dorsal noradrenergic pathway 
or by drugs antagonizing the effects of noradrenaline, leads 
to changes in the sleep-waking cycle in several animal spe- 
cies [9,15]. The effects may partly be mediated through the 
nucleus raphe dorsalis which is subject to tonic alpha-1- 
adrenergic activation [1]. The nucleus raphe dorsalis is con- 
sidered necessary for the realization of paradoxical sleep 
[10]; during paradoxical sleep neuronal discharging in this 
nucleus decreases [2,13]. 

In the cat and rat, alpha-adrenoceptor blocking agents 
decrease waking [5, 7, 8, 12, 17, 18]. In the cat parenteral 
administration of high doses of prazosin, a selective alpha- 
l-adrenoceptor blocking agent, decreases waking and in- 
creases paradoxical sleep without affecting the amount of 
slow wave sleep [7,8]. 

Prazosin is an antihypertensive agent widely used in med- 
ical practice. Since it penetrates the blood brain barrier 
poorly, its antihypertensive action is thought to be solely due 
to vascular binding. Some results obtained on its action on 
the baroreceptor reflex suggest, however, that the drug has 
also some effects on the central part of the reflex arch [23]. 

Prazosin penetrates the blood brain barrier in a measura- 
ble degree [6, 11, 22, 24] and shows selective binding to 
different regions of the brain [19], including nuclei of the 
brain stem that participate in the control of blood pressure 
and sleep [11]. The sleep effects in the cat [7,8] suggested 
that this penetration may have measurable physiological 
consequences. The purpose of the present study was to find 
out whether prazosin affects sleep in Macaca arctoides. Ex- 
periments on other macaque monkeys [21,25] suggested that 





the sleep in Macaca arctoides closely resembles that of man. 
As we have not found in the literature any information on 
sleep in this species, some data on the normal sleep pattern 
are given before the description of the drug effect. 


METHOD 
Monkeys 


Three Macaca arctoides participated in the experiments: 
one middle-aged (about 16 years; 7 kg) female captured in 
Thailand 8 years ago and two laboratory-born males aged 7 
(12 kg) and 4 (10 kg; at puberty) years. 


Electrodes 


Ten permanent electrodes for the recording of EEG, 
EMG and EOG were implanted in each monkey during pen- 
tobarbital anaesthesia. For the recording of EEG, four gold- 
coated dental screws were inserted to the skull in frontal, 
centroparietal and occipital regions; similar electrodes were 
inserted above and laterally to one eye for the monitoring of 
EOG. EMG was recorded with 4 teflon coated 0.003” wires 
of stainless steel led into temporal or occipital muscles. The 
electrode wires were connected to a plug (Amphenol 626B 
connector) which was fixed at the vertex under the bone. 


Recording 


The monkeys were connected to the recording cable a few 
times before the experiments. During the learning period a 
low DC voltage was connected between the cover of the 
cable (insulated from the skull) and the cage; thus the mon- 


‘Requests for reprints should be addressed to Lea Leinonen, Department of Physiology, University of Helsinki, Siltavuorenpenger 20 J, 
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TABLE 1 
SLEEP DURING CONTROL NIGHTS 





REM 
epi- 
sode 
Monkey min 





4 years 7.9 
7 years $2 
16 years 4.4 





key received a small electric shock if he touched the cable. 
This method, in conjunction with gentle handling and posi- 
tive reinforcements, adapted all three monkeys quickly to 
the situation. The recordings began 11 to 14 days after the 
operation. The prazosin solutions were prepared as in- 
structed by the manufacturer (Pfizer Inc.). All injections 
were given intramuscularly 5 minutes before the beginning of 
an experiment. The injections did not result in any observa- 
ble behavioral manifestations (within 5 min). In man, peak 
plasma concentrations are reached in 2-3 hr after oral admin- 
istration, the mean plasma half-life is 3.8 hr. 

The windows were covered and the lights were switched 
off during the recordings. Altogether 53 12-hr recordings 
were made (from 6 p.m. to 6 a.m.). The first nights were 
discarded. The final body of data consisted of 10 recordings 
with physiological saline (or without any injections), 6 with 
prazosine solvent, 9 with prazosine 0.3 mg/kg, 8 with 0.6 
mg/kg and 7 with 1 mg/kg. 

An EEG-recorder (Kaiser) with 8 channels was used. The 
time constant for EEG was 0.3 sec, for EMG and EOG 0.1 
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sec. One or two monkeys were monitored simultaneously. 
The paper speed was 7.5 mm/sec which did not allow the 
recognition of sleep spindles. Therefore the distinction be- 
tween the sleep stages 1 and 2 was impossible. 


Scoring of Data 


The recordings were visually evaluated in 40 sec epochs. 
The criteria chosen for scoring of the polygraphs resembled 
the criteria given for the scoring of human sleep [20]. Awake 
(W): Relative low voltage mixed frequency EEG with 
slowest frequencies of 7-8 Hz. phasic EMG and rapid eye 
movements. Stage 1 (drowsy, light sleep, $1): Relative low 
amplitude, 6-7 Hz, and bursts of 4-5 Hz with higher voltage, 
tonic EMG and slow eye movements. Stage 2 (intermediate 
sleep, S2): EEG of 4-5 Hz with intermittent high voltage 1-2 
Hz waves, some of which resemble K-complexes. Tonic 
muscle activity with intermittent movement arousals, fast 
eye movements preceding REM. Stage 3-4 (deep sleep, 
S3-4): High voltage slow wave activity of 2 Hz or slower in 
both the frontal and occipital areas more than 20% of the 
time. Some slow eye movements, slight tonic muscle activity 
with phasic phases correlating with ‘“‘movement arousals,”’ 
or ‘“‘movement time’’ which is not accompanied by changes 
in EEG. Stage REM: Relative low voltage 6-7 Hz EEG with 
bursts of high voltage 3—4 Hz. Episodic rapid eye movements 
and slight tonic or missing EMG; occasional muscle 
twitches. 

Statistics from the coded visual scorings were processed 
with a Declab 11/23 computer. The proportions of the vigi- 
lance stages, and the number and length of the episodes 
spent in each stage were calculated separately for each re- 
cording, and the results from the recordings in the same 
situation averaged. Since the monkeys differed from each 
other considerably, one-way ANOVA was applied to the 
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FIG. 1. Cumulated occurrences (mean and s.d.) of waking, REM sleep and deep sleep 
calculated from the control night recordings for each monkey. The zero time is the 
beginning of the first S1 episode. 
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recordings from each monkey separately, to ascertain drug 
effects. The length of REM-cycles for each monkey was cal- 
culated by cosine fit from binary autocorrelograms [16]. 


RESULTS 


The monkeys sleep in sitting position. When the sleep 
deepens the head starts to drop towards the chest and the 
mouth opens. The relaxation is maximal during REM. The 
monkeys don’t sleep during the daytime. 

Usually the monkeys fell asleep between 7 and 8 p.m. and 
started to wake up repeatedly between 5 and 6 a.m. The 
monkeys usually slept well, after waking up during the night 
they quickly (within 1 min) fell asleep again. During the 12-hr 
recordings the proportions of sleep for the young monkeys 
were 80% (mean 9.6 hr/night) and 72% (8.6 hr/night), and for 
the middle-aged 66% (7.9 hr/night). 

The proportion of stages W, S1, S2, S3—-4 and REM of the 
total sleep time (duration of the recording from the first $1) 
for the three monkeys is given in Table 1. The most 
prominent difference between the monkeys was in the 
amount of S3-4. This may be due to the differences in age. 
The amount of deer sleep was high during the first 6 hours of 
sleep and reduced thereafter (Fig. 1). 

All monkeys displayed a clear cyclicity of sleep. REM- 
episodes were usually preceded by a period of S3-4 with a 
subsequent short transitional period of S2; in the morning, 
however, they were generally preceded by W or S1. The 
onset of REMs was gradual. Rapid eye movements often 
started during S2, simultaneously with a decrease in muscle 
tone. When EEG became typical of REM, muscle tone was 
slight or absent. REM regularly ended in EEG with a burst of 
high amplitude 3-4 Hz and waking up or movement arousal 
(waking state shorter than 20 sec). During the 3-4 Hz bursts, 
which were also seen in the middle of a REM episode, no 
rapid eye movements were recorded. 


Effects of Prazosin 


For the evaluation of prazosin effects, the amount and 
number of different sleep stages was determined in 4-hr 
epochs during the 12-hr recording. The results obtained at 
different doses were compared with the results obtained dur- 
ing the control nights. 

Only the highest dose of 1 mg/kg altered the total sleep- 
time. The effect was clearest in the youngest monkey during 
the 4-8 hr after the injection; W was increased four-fold 
(p<0.01). In the 7-year-old monkey W also increased slightly 
(n.s.). In the oldest monkey no change was observed. In all 
three animals the highest dose caused muscle twitches which 
appeared randomly at a few second intervals in all sleep 
stages except REM. After prazosin the number of REM 
episodes during the first eight hours was higher than during 
the control nights. In the youngest monkey (0.3—0.6 mg/kg) a 
34% (n.s.) increase was measured during the first four hours 
with a concomitant 50% (n.s.) increase in the amount of 
REM sleep. In the other monkeys the number of REM 
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episodes increased between 8 and 12 hours by 86% and 70% 
(n.s.). In the oldest monkey the number of S3—4 was two-fold 
(n.s.; 0.3-1 mg/kg) during 0-4 hours after the injection, and 
slightly less during 4-8 hours. There was also a concomitant 
slight increase in the amount of deep sleep. 


DISCUSSION 


Administration of prazosin at doses without any behav- 
ioral side effects caused slight, statistically insignificant, but 
similar changes in all three monkeys: an increase in the 
number of REM episodes and in the amount of REM sleep. 
In the middle-aged monkey, who displayed a low level of 
deep sleep, an increase was also measured in the number of 
episodes and amount of deep sleep. The results suggest that 
the drug had a small effect on the cyclicity of sleep. The 
profound effects observed in the cat [8] were not demonstra- 
ble in the monkeys. 

Dose 1 mg/kg caused muscular twitching in all animals 
and an increase in waking in the young monkeys; the drug 
seemed to be better tolerated by the middle-aged monkey. 
The maximal central effects of acute prazosin administration 
can probably not be documented in behaving monkeys be- 
cause circulatory disturbances are elicited even at low brain 
concentrations. Peripheral side effects might be somewhat 
diminished by chronic administration of the drug. 

In the cat prazosin (1-3 mg/kg) increases the amount of 
REM [8]. In the rat doses of 0.125—1 mg/kg increase the 
amount of slow wave sleep and decrease REM [17]. In both 
species, activation of alpha-l-receptors by methoxamine in- 
creases wakefulness, and this effect is counteracted by 
prazosin. 

The sleep of Macaca arctoides resembles closely the 
sleep of other primate species. The comparison is difficult 
because the results depend on the circumstances during the 
monitoring. In Macaca mulatta, for instance, the amount of 
REM reported varies from 6% [3] to 20% [25]. The length of 
the sleep cycle is about 50 min in Macaca arctoides, this is in 
agreement with findings in Macaca mulatta [22]; in Macaca 
nemestrina, however, an 80-min cycle has been observed 
[21]. In the chimpanzee [14] the cycle length is about the 
same as in man, 90 min. The proportions of the different 
sleep stages in Macaca arctoides are similar to those re- 
ported for mature chimpanzees [14]. The frequent ending of 
REM episodes with a short awakening has also been docu- 
mented in the rhesus [25] and the chimpanzee [14]. Our re- 
sults support the conclusion [4], drawn from observations on 
man, chimpanzee, rhesus and baboon: in monkeys the pro- 
portion of REM does not substantially increase towards the 
morning as in man. 
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HAYNE, H., C. ROVEE-COLLIER AND D. GARGANO. Ambient temperature effects on energetic relations in growing 
chicks. PHYSIOL BEHAV 37(2) 203-212, 1986.—The effects of different ambient temperature conditions on the diet 
selection, intake, growth, body temperature, and activity of immature domestic chicks were assessed in two experiments. 
In Experiment 1, the ambient temperature either remained warm during both the light and dark phases of the photoperiod, 
as is characteristic in laboratory settings, or was warm during the light phase and cold during the dark phase. The latter 
condition reflects the daily temperature pattern in natural settings. Chicks exposed to low nocturnal ambient temperatures 
had lower body temperatures in both phases of the photoperiod, were less active, ate more, selected a higher percentage of 
carbohydrate in their diets, and grew faster but were less feed-efficient than warm-reared controls. In Experiment 2, the 
ambient temperature was either cool in both phases of the photoperiod or cool in the light phase and warm in the dark 
phase. Chicks reared continuously in the cold had lower body temperatures, selected a high-carbohydrate diet, and grew 
faster, but both rearing groups were relatively inactive. These results show that an animal’s body temperature, diet 
composition, food intake, feed efficiency, and activity reflect its 24-hr energy requirements and are a part of a general 
strategy of maximizing energy income and minimizing energy expenditure in response to energetic challenges to growth. 
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THE main problem of young organisms is to grow. The 
amount of energy available for growth is a function of both 
the energy income and the energy expenditure of the or- 
ganism. To the extent that calories must be diverted to main- 
tain body temperature, for example, there is less energy 
available to fuel growth. Yet, most warm-blooded verte- 
brates are inefficient homeotherms early in ontogeny. This is 
due in part to immature physiological mechanisms, in part to 
a lack of insulation, and in part to an unfavorable surface- 
area:volume ratio which results in considerable heat loss to 
the environment. Even precocial birds such as domestic 
chicks do not achieve efficient reflexive control of body 
temperature until sometime after the 15th day of life [2,28]. 
For these animals, whose solution to thermostasis is primar- 
ily behavioral, thermoregulation poses a particularly critical 
energetic challenge to growth. Depending upon the avail- 
ability of energy sources and the demands on energy ex- 
penditure, this challenge could be met by increasing energy 
income, decreasing energy expenditure, or some combina- 
tion of these. Chicks that are laboratory-reared in a constant 





cold ambient temperature, for example, select diets contain- 
ing a higher energy:protein ratio, eat more, are less active, 
and maintain a lower body temperature than controls reared 
in a constant warm ambient temperature [25]. They also 
rapidly acquire an operant that turns on a heat exhaust fan 
(31). 

In nature, where ambient temperatures are usually higher 
during the day than at night, young chicks minimize heat loss 
by maintaining close contact with the brood hen, particularly 
at night when temperatures drop [30]. Little is known, how- 
ever, about the effect of this typical pattern of daily ambient 
temperature swings on their energy budgets or growth. Al- 
though chicks are active and feed exclusively in the day 
when the ambient temperature is warmer, for example, it is 
likely that these diurnal behaviors are also influenced by the 
thermal challenge encountered at night. If so, then the pat- 
tern of energy intake and expenditure measured in the con- 
stant thermal conditions of the laboratory would be expected 
to differ from the patterns seen in the variable thermal con- 
ditions characteristic of natural settings. 
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TABLE 1 


PROPORTIONAL COMPONENTS, BY WEIGHT, OF 
EXPERIMENTAL DIETS 





Protein Content 


Component 





Ground corn meal 
Soybean oil meal (48% crude protein) 
DL-methionine 
Mineral mix* 
Vitamin mixt 
Bomb Calorimeter value 
(kcal/g) 
Metabolizable Energy 
(kcal/g) 





*Bioserve (Product No. 85751), Frenchtown, NJ 088235. 
+Bioserve (Product No. 81001), Frenchtown, NJ 08825. 
+ME of corn=3.40 kcal/g (average of values in literature). 
§ME of soybean oil meal=2.24 kcal/g (average value). 


In the present research, we sought to determine if and 
how the typical pattern of cooler nights and warmer days 
influences diet selection, intake, body temperature, activity, 
and growth of immature chicks over the developmental 
period in which they gradually achieve efficient reflexive 
thermoregulation. In particular, we asked whether these be- 
haviors are determined exclusively by the proximal thermal 
‘cues present at the time when chicks are actively feeding or 
whether they are influenced by information that is integrated 
over a longer (e.g., 24-hr) period. 


EXPERIMENT 1 


METHOD 
Subjects 


Subjects were 40 straight-run White Leghorn chicks, ob- 
tained from a local supplier in a larger batch of 100 on day of 
hatch and distributed randomly into 4 groups of 10 each. 
These groups were defined in terms of the dietary and ther- 
mal conditions they would receive beginning on Day 7. 
Twenty chicks were reared in an ambient temperature which 
remained warm during both phases of the light/dark cycle 
(W/W), and 20 chicks were reared in the cold during the dark 
phase only (W/C). Within each rearing temperature condi- 
tion, half of the chicks were required to compose their diet 
from two available food sources (Select), and half were given 
access to a single diet (Nonselect). 


Apparatus 


Chicks were housed in standard Wahmann rat running 
wheel units. Cloacal temperatures were obtained via a YSI 
telethermometer (Model 43-TA, Probe Model 423) and 
weights, via a Torbal Balance (Model PL12D). 


Procedure 


For the first five posthatch days chicks were reared in 
pairs in an ambient temperature of 35°C and on a 12-hr photo- 
period (light onset at 8:30 a.m.). Chicks had free access to 
AGWAY medicated chick starter (21.9% protein) in each of 
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FIG. 1. Daily body weights of groups reared in an ambient tempera- 
ture that either remained warm in both phases of the photoperiod 
(W/W) or was cold in the dark phase only (W/C). The a.m. measures 
were taken at light onset and p.m. measures were taken immediately 
prior to light offset. 
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FIG. 2. Average daily body weights of Select and Nonselect groups 
in each of the two ambient temperature conditions. 


two food cups, and water was continuously available. On 
posthatch Day 4, one of the food cups of chicks in the Select 
groups was filled with a soy bean oil meal diet (45% protein) 
and the other, with a corn meal diet (8% protein), while both 
cups of the Nonselect control groups were filled with a corn- 
and soy-based diet. All diets contained adequate vitamins 
and minerals. These diets were previously used in diet selec- 
tion studies with growing chicks [19,24] and are described in 
Table 1. 

On posthatch Day 5, chicks were randomly culled to one 
per cage, and beginning on posthatch Day 7, the room ther- 
mostat of the W/C groups (10 Select, 10 Nonselect) was set 
at 15°C one hr prior to light offset. Immediately following 
light onset on the next day, it was reset at the original tem- 
perature (35°C). A complete thermal transition required ap- 
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FIG. 3. Daily body temperatures of chicks reared in an ambient temperature that 
either remained warm (W/W) or decreased during the dark phase of the photo- 
period (W/C). The a.m. measures were taken at light onset and actually reflect 
nocturnal body temperature. The p.m. measures were taken prior to light offset 


and reflect diurnal body temperature. 


proximately 1 hr. For the W/W groups (10 Select, 10 Non- 
select), the room temperature remained at 35°C con- 
tinuously. Although the thermoneutral range for chicks 
changes over the first 3 posthatch weeks, the higher ambient 
temperature (35°C) was well within the thermoneutral range 
for this period of development, and the lower ambient tem- 
perature (15°C) was just below thermoneutrality [5]. 

Running wheel activity (number of revolutions) and in- 
take (g/cup) were recorded every 4 hr during the light phase, 
beginning at light onset and ending at light offset. These 
measures required approximately 30 min to complete. In the 
first and last measurement periods, body temperatures and 
weights were also recorded. To insure that chicks did not eat 
in the dark, cups were removed during the final recording 
period immediately preceding light offset, refilled, and re- 
turned after measures were taken following light onset. Fur- 
thermore, to prevent chicks from running in the dark, run- 
ning wheel doors were closed at the conclusion of the final 
measurement period and reopened after measures were 
taken on the next day. This procedure was continued for 3 
weeks, or until chicks were 28 days old. 


RESULTS 


Daily measures of body weight and body temperature 
were subjected to a four-way ANOVA over factors of Diet 
(Select, Nonselect), Light/Dark Ambient Temperature (W/W, 
W/C), Light Phase (2 12-hr blocks), and Days [21], with re- 
peated measures over Days and Light phase. In a second 
analysis, measures of absolute nocturnal weight loss (g), 
relative nocturnal weight loss (g lost/p.m. body weight), total 
food intake (g), total protein intake (g), % protein in diet 
(total protein intake/total food intake x 100%), and feed ef- 
ficiency (weight gain/total food intake) were also subjected 
to a four-way ANOVA over the same factors except that 
consumption measures across the 3 successive 4-hr periods 
of each 12-hr light phase were assessed instead of light- vs. 


dark-phase differences. All post-hoc analyses were con- 
ducted using Duncan’s multiple range test. Only significant 
effects (p<0.05) are reported below. 


Body Weight 


Chicks reared in the cold during the dark phase of the 
photoperiod (Group W/C) gained more weight, irrespective 
of their diet condition, than chicks reared in a consistently 


warm environment (Group W/W),  F(19,684)=3.93, 
p<0.0001. This effect, however, was solely attributable to 
the fact that Group W/C achieved a higher body weight dur- 
ing each light phase, as measured immediately prior to light 
offset, F(1,36)=43.58, p<0.0001 (see Fig. 1: ‘‘p.m.’’). All 
groups lost weight during the dark, but Group W/C lost more 
weight than Group W/W in each dark phase. As a result, 
chicks in both temperature conditions were identical in 
weight at the end of each dark phase (see Fig. 1: ‘‘a.m.”’). 
Similar 24-hr weight fluctuations have been observed in 
Brown Leghorn laying hens [26] and adult house sparrows 
[20], indicating that the pattern of nocturnal weight loss and 
diurnal weight gain is not restricted to either growing or 
domestic avians. 

Within each ambient temperature condition, chicks who 
composed their own diets (Group Select) grew as well as 
those who did not (Group Nonselect), confirming that chicks 
are capable of composing a diet adequate for their particular 
environmental conditions [19]. Although Group Nonselect in 
the W/C condition was heavier than Group Nonselect in the 
W/W condition, F(1,36)=5.03, p<0.03, the 24-hr weights of 
the corresponding Select groups (W/C, W/W) did not differ. 

Figure 2 illustrates the average daily growth of the four 
subgroups. Although the selecting chicks in the W/C condi- 
tion were initially lighter than their nonselecting counter- 
parts, by the end of the experiment, their weights did not 
differ. As chicks became more efficient in reflexive ther- 
moregulation (see *‘Week 2°’), better insulated, and less 
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FIG. 4. Total daily food intake in each of the 3 4-hr measurement 
periods during the light phase. 
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FIG. 6. Average percentage protein during the 3 4-hr measurement 
periods for Select groups in Experiment 1 (W/W, W/C) and Experi- 
ment 2 (C/C, C/W). 
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EXPERIMENT 2 
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FIG. 5. Top panel: The average protein intake in grams during the 3 
4-hr measurement periods for the groups in Experiment 1. Bottom 


panel: The average protein intake in grams for the groups in Experi- 
ment 2. 


active with age, the Select groups composed diets more simi- 
lar to those of Nonselect controls fed a 21.9% protein diet. 


Body Temperature 


Both ambient temperature groups had lower body tem- 
peratures in the dark phase (see Fig. 3: ‘‘a.m.’’) than in the 
light phase, F(1,36)=781.88, p><0.0001. This result is consis- 
tent with reports of nocturnal body temperature declines 
in birds housed both in the laboratory under constant am- 
bient temperature conditions [3,24] and outdoors in nat- 
urally fluctuating thermal environments [17]. However, 
the body temperatures of Group W/C remained signifi- 
cantly lower during the light phase (see Fig. 3: “‘p.m.’’) 
than that of Group W/W, F(1,36)=2293.40, p<0.0001, even 
though the ambient temperature in the light phase was warm 
for both groups. As before, the a.m. measure, which was 
taken immediately after light onset, actually reflects noctur- 
nal body temperatures. Conversely, the p.m. measure, taken 
immediately prior to light offset, reflects diurnal body tem- 
peratures. 


Total Food Intake 


Total intake was greatest in both ambient temperature 
conditions during the first 4 hr after light onset, 
F(2,72)= 156.60, p<0.001. This daily distribution of food in- 
take is consistent with field observations of a variety of wild 
birds [1,15]. Although the pattern of food intake was similar 
throughout the experiment for groups in the two ambient 
temperature conditions, Group W/C consumed significantly 
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FIG. 7. Mean daily activity (wheel turns) for ambient temperature groups in Experiment 
1 (W/W, W/C) and Experiment 2 (C/C, C/W). 


more than Group W/W in each measurement interval, 
F(1,36)=94.37, p<0.0001 (see Fig. 4). Furthermore, Non- 
select groups consumed significantly more overall than 
Select groups, F(1,36)=5.06, p<0.03, irrespective of the 
ambient temperature condition. 


Absolute and Relative Nocturnal Weight Loss 


Although all chicks lost weight at night, Group W/C lost 
more both in absolute grams, F(1,36)=43.58, p<0.0001, and 
in percentage of body weight, F(1,36)=48.69, p<0.0001, 
than Group W/W, irrespective of diet condition. To deter- 
mine whether the elevated food intake of chicks in Group 
WI/C was stimulated by their greater nocturnal weight loss, a 
correlational analysis was performed over daily measures of 
both absolute and relative weight loss and food intake of all 
chicks during the first 4-hr measurement period following 
light onset. The resulting correlations were not significant, 
indicating that if body weight loss was a stimulus for subse- 
quent intake, it did not account for a large portion of the 
variance in food intake at a time when its effect should be 
greatest. The lack of a significant correlation did not result 
from a ceiling effect on intake that restricted the range of 
variation; we have previously reported that growing chicks 
can consume a single meal in less than 2 hr every four days 
and maintain normal growth [18]. 


Feed Efficiency 


Chicks reared in the cold during the dark portion of the 
photoperiod were less efficient than chicks reared con- 
tinuously in the warm, regardless of Diet Condition, 
F(1,36)=29.45, p<0.0001. This reflects the added caloric re- 
quirement imposed by cold-rearing for the maintenance of 
body temperature. There was also a significant Room Tem- 
perature by Diet Condition interaction, F(1,36)=5.16, 
p<0.03. Although there was no difference between selecting 
and nonselecting chicks exposed to cold nocturnal tempera- 
tures, selecting chicks reared continuously in a warm am- 
bient temperature were more feed efficient than their non- 
selecting controls. The feed efficiency of all groups improved 
over days, F(18,648)=18.41, p<0.0001; however, the feed 
efficiency of selecting groups improved more rapidly than 
that of nonselecting chicks, F(18,648)=3.12, p<0.0001, and 
the feed eficiency of groups reared continuously in a warm 
temperature improved more rapidly than that of groups rear- 
ed in acold nocturnal temperature, F(18,648)=4.62, p><0.0001. 
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FIG. 8. Average activity in each of the 3 4-hr measurement periods 
during the light phase for groups reared in an ambient temperature 
which either remained warm in both phases of the photoperiod 
(W/W) or was cold in the dark phase only (W/C). 


Protein Intake 


Although Group W/C consumed significantly more 
protein in absolute grams, F(1,36)=42.26, p><0.0001, this re- 
sulted from their greater overall daily intake; there was no 
significant difference between Groups W/C and W/W in 
terms of the percentage of protein in their diet. The greatest 
absolute amount of protein was taken during the first 4-hr 
period after light onset by both ambient temperature groups, 
irrespective of diet condition, F(2,72)=135.79, p<0.0001 
(see Fig. 5: Experiment 1), when total intake was also 
greatest. Both Select groups, however, ate fewer total grams 
of protein, F(1,36)=9.77, p<0.003, and composed a diet con- 
taining a lower total percentage of protein (i.e., a higher per- 
centage of energy) than did the corresponding Nonselect 
controls, F(1,36)=4.78, p<0.03. As shown in Fig. 6 (see 
W/W, W/C), the percentage of protein that Select groups 
included in their diet increased throughout the light phase, 
being least at the outset of each day and greatest prior to 
dark, F(2,72)=8.38, p<0.0005. 
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The absolute amount of protein taken increased over 
days, F(19,684)=10.53, p<0.0001, reflecting the devel- 
opmental increase in total intake. Relative protein consump- 
tion also increased with age, F(19,684)=2.10, p<0.004, indi- 
cating that chicks composed diets of increasingly greater 
protein content as they grew, became better insulated, and 
became more efficient in reflexive thermoregulation. 


Activity 


There were no significant activity differences between 
Select and Nonselect groups and no interactions; therefore, 
activity measures were collapsed over diet conditions. 
Chicks in both ambient temperature conditions became less 
active over the course of the experiment, F(19,684)=5.17, 
p<0.0001. However, Group W/C ran significantly less over- 
all than did Group W/W, F(1,36)=12.99, p<0.0009, even 
though the ambient temperatures of the two groups were 
identical in the light phase, when the activity wheels were 
accessible (see Fig. 7: W/W, W/C). 

Figure 8 illustrates the distribution of running wheel ac- 
tivity during the light phase. Group W/C maintained a consis- 
tently low level of activity throughout the day, 
F(2,72)=20.81, p<0.0001, but the activity pattern of Group 
W/W was inversely related to its pattern of food intake. Be- 
cause this pattern was not seen in Group W/C, a competing- 
response analysis cannot account for this interaction. 


DISCUSSION 


Chicks that were cold in the dark phase of the photo- 
period ate more, ran less, and maintained a lower body tem- 
perature in the light phase than chicks that were warm in the 
dark phase; they were also less feed efficient. In addition, 
chicks in all rearing conditions that were allowed to compose 


their own diets selected a higher percentage of carbohydrate 
than that in the premixed ‘‘optimal’’ control diet. Group 
W/C’s diurnal strategy of maximizing energy income and 
minimizing energy expenditure yielded growth equal to or 
greater than that of chicks reared in a warm nocturnal tem- 
perature. This result is consistent with previous findings in rats 
[21] and growing chickens [25,28] that cold-rearing stimu- 
lates both growth and intake. It is notable that all of the 
behavioral differences between the two ambient temperature 
groups were obtained during the light phase when environ- 
mental temperatures were identical: Access to running 
wheels and food was restricted to the light phase when the 
ambient temperature was warm, and the body weights of 
both groups were identical at the outset of each light phase. 
Given that the environmental temperature was identical 
for both groups during the light phase and that both groups 
began each day at the same body weight, the impetus for the 
increased intake and the decreased activity and body tem- 
perature of chicks reared in a nocturnal cold is unclear. As 
suggested above, chicks in the W/C condition could have 
been motivated by the greater absolute and/or relative 
amount of body weight that they lost during each dark phase 
relative to that lost by warm-reared chicks. However, the 
lack of a correlation between weight-loss measures and intake 
in the first 4 hr of the succeeding light phase when feeding 
stimulated by weight loss should be most prevalent does not 
lend strong support to a compensatory account. Further- 
more, if chicks were motivated by their percent of body 
weight loss, then chicks in the W/C group should have ex- 
hibited more running-wheel activity than chicks W/W group 
[4, 7, 23]. Yet, activity in the W/C group was not only sup- 
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pressed relative to that of warm-reared controls, but it was 
suppressed throughout the light phase. A compensatory ac- 
count of the greater total intake of the W/C group based on 
weight loss also does not account for the U-shaped function 
of intake or for the fact that Group W/C consumed signifi- 
cantly more than Group W/W in the final measurement 
period prior to dark, when Group W/C over-shot the normal 
body-weight curve. 

In spite of the fact that chicks fasted for 12 hr during the 
dark phase, they were not ‘‘deprived”’ or ‘‘depleted”’ in the 
traditional sense [7]. The body-weight losses of chicks in 
Group W/W never exceeded 6—7%, and the weights of chicks 
in Group W/C never dropped below the level of their warm- 
reared controls. The common weights of the two groups at 
the outset of each day, therefore, resulted in part from their 
differential storage of food in the crop and gizzard in 
anticipation of their differential nocturnal energy require- 
ments at the conclusion of the preceding light phase. The 
mechanism for this anticipatory strategy has been described 
by Scanes, Campbell, and Griminger [26], who reported that 
in the 2.5 hr prior to dark, the crop and, to a lesser degree, 
the gizzard, store large quantities of feed which is subse- 
quently metered out throughout the dark phase. The con- 
tents of the crop are depleted by 57% midway through the 
dark phase and by 97% 30 min prior to the light onset. In 
contrast, intake during the early part of the light phase is 
shunted past the crop, which remains empty until 2.5 hr prior 
to dark. A similar pattern describes the contents of the giz- 
zard, except that it fills gradually during the light phase. 

Finally, it is interesting that the Select groups in both 
ambient temperature conditions consumed the largest 
amount of energy during the first 4 hr after light onset. Eating 
a large amount of energy in the morning may solve many 
problems for the chick, for example, it may facilitate a rapid 
increase in body temperature. However, it may also indicate 
the chick’s anticipation of its diurnal energy demands. Om- 
nivores eat such a way as to defend both caloric intake and 
the protein:energy ratio. Because the greatest proportion of 
their diet is carbohydrate, an effective strategy may be to 
consume large amounts of that component first, supplement- 
ing or ‘‘fine-tuning’’ the protein:energy ratio as the day 
wears on. 

The fact that Group W/C ate more, was less active, and 
was hypothermic relative to Group W/W even though the 
proximal ambient temperatures at the time that these activi- 
ties occurred was identical indicates that chicks’ behavior 
reflects their 24hr energetic requirements rather than 
moment-to-moment or hour-to-hour demands (see also [26]). 
If this is the case, then a similar pattern of results might be 
obtained from chicks feeding in the cold and fasting in either 
a warm or a cold nocturnal environment. Given the results of 
Experiment 1, for example, we would predict that chicks 
reared continuously in the cold would eat more, run less, and 
grow better then chicks reared in the cold during the day and 
the warm at night. On the other hand, Kendeigh et al. [20] 
demonstrated that low nocturnal temperatures significantly 
increased the body weight and food intake of house spar- 
rows, but low diurnal temperatures had little or no effect on 
these variables. Their data suggest that the ability of birds to 
regulate their intake on the basis of 24-hr energy require- 
ments may be constrained by a day:night distribution of 
warm and cold ambient temperatures that approximates nat- 
ural temperature patterns. This question was explored in a 
second study in which the pattern of temperature conditions 
in Experiment 1 were reversed. 
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FIG. 9. The top panel illustrates the daily body weights of groups 
reared in an ambient temperature that either remained cold in both 
phases of the photoperiod (C/C) or was warm in the dark phase only 
(C/W). The a.m. measures were taken at light onset each day, and 
p.m. measures were taken immediately prior to light offset. The bot- 
tom panel illustrates the daily body weights of Select and Nonselect 
groups collapsed over ambient temperature conditions. 


EXPERIMENT 2 


METHOD 
Subjects and Apparatus 


Subjects were 40 straight-run White Leghorn chicks, ob- 
tained as before on day of hatch in a larger batch of 100 from 
a local supplier. Their maintenance and rearing conditions 
were identical to those of Experiment 1 except that their 
12-hr photoperiod began an hr earlier (7:30 a.m.), and the 
experimental manipulations began on posthatch day 9. 


Procedure 


The procedure was identical in all respects to that of Ex- 
periment 1 with the exception that the ambient temperature 
conditions were reversed. For half of the chicks (10 Select, 
10 Nonselect), the thermostat was set at 15°C at light onset 
and at 35°C one hr prior to light offset. For the remaining 20 
chicks (10 Select, 10 Nonselect), the room temperature re- 
mained continuously at 15°C. Thus half of the chicks were 
reared in the cold in both the light and dark phases of the 
photoperiod (C/C), while half were warm during the dark 
phase only (C/W). 


RESULTS 


Daily measures of body weight and body temperature 
were subjected to a four-way ANOVA over factors of Diet 
(Select, Nonselect), Light/Dark Ambient Temperature (C/C, 
C/W), Light Phase (2 12-hr blocks), and Days [21], with re- 
peated measures over Light Phase and Days. Absolute noc- 
turnal weight loss, relative nocturnal weight loss (g lost/body 
weight), total food intake (g), total protein intake (g), and % 
protein in diet (total protein intake/total food intake x 100%) 
were again subjected to a four-way ANOVA over factors of 
Diet (Select, Nonselect), Light/Dark Temperature (C/C, 
C/W), Time of Day (3 4-hr blocks), and Days [21], with re- 
peated measures over Time of Day and Days. As before, all 
post-hoc analyses were conducted using Duncan’s multiple 
range test, and only effects that were significant at the 0.05 
level are reported. 


Body Weight 


Chicks reared in a consistently cold environment (Group 
C/C), irrespective of their diet condition, tended to gain more 
weight during the course of the experiment than chicks 
reared in a warm nocturnal temperature (Group C/W), 
F(1,37)=3.96, p<0.054. As in Experiment 1, Both groups 
lost weight at night and began each succeeding day at the 
same body weight. However, Group C/C gained significantly 
more weight by the end of each light phase (see Fig. 9: Top 
panel). 

Groups that composed their own diets (Group Select) 
gained significantly more weight during the course of the 
experiment than groups that could not (Group Nonselect), 
irrespective of their ambient temperature condition, 
F(1,37)= 15.58, p<0.0003 (see Fig. 9: Bottom panel). 


Body Temperature 


Group C/C had a significantly lower mean body tempera- 
ture overall than Group C/W, irrespective of diet condition, 
F(1,37)=10.56, p<0.0025. As in Experiment 1, the daily 
body temperatures of both groups were significantly lower 
immediately after light onset than just prior to light offset, 
F(1,37)=325.05, p<0.0001. Therefore, in both experiments 
diurnal variation in body temperature was keyed to the light 
phase even when chicks were reared in a constant ambient 
temperature. This finding is consistent with reports in a 
variety of species of birds that the highest daily body tem- 
perature is obtained during the period of greatest activity, 
irrespective of the proximal ambient temperature [10]. Al- 
though the body temperature of Group C/C was significantly 
lower than that of Group C/W at light onset, F(1,37)=12.23, 
p<0.002, by light offset their temperatures did not differ. 
Additionally, Nonselect groups maintained significantly 
lower body temperatures than Select groups, irrespective of 
their ambient temperature condition, F(1,37)=4.97, p<0.03, 
suggesting that the increased energy content of the diets of 
the Select groups facilitated the maintenance of higher daily 
body temperatures (see below). 


Total Food Intake 


Chicks increased food intake over days, F(20,719)=23.10, 
p<0.0001; their intake did not differ as a function of either 
Light/Dark Temperature or Diet Condition. As before, in- 
take was greatest during the first 4-hr period following light 
onset, F(2,74)=164.85, p<0.0001. 
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Absolute and Relative Nocturnal Weight Loss 


Chicks reared continuously in the cold lost more absolute 
grams of body weight during the dark phase of the photo- 
period than chicks reared in a warm nocturnal temperature, 
irrespective of their diet condition, F(1,37)=11.02, »<0.002. 
An analysis of relative nocturnal weight loss demonstrated 
that Group C/C also lost a greater percentage of its p.m. 
body weight in each dark phase than Group C/W, 
F(1,37)=14.56, p<0.0005, and Nonselect groups lost a 
greater percentage of their p.m. body weight than Select 
groups, F(1,37)=6.20, p<0.02. As in Experiment 1, there 
was no correlation between either weight loss measure and 
food intake during the first daily measurement period. 


Feed Efficiency 


There was no main effect of either Diet or Ambient Tem- 
perature on feed efficiency and no interaction. As in Exper- 
iment 1, feed _ efficiency increased over days, 
F(19,683)=3.19, p<0.0001, and the feed efficiency of Select 
groups increased more rapidly than that of Nonselect 
groups, F(19,683)=2.03, p<0.006. 


Protein Intake and Relative Protein Intake 


There was no significant main effect of ambient rearing 
temperature on either absolute or relative protein intake. 
Both Select groups consumed fewer absolute grams of 
protein, F(1,37)=16.77, p><0.0002, and a lower percentage of 
dietary protein, F(1,37)=30.38, p<0.0001, than Nonselect 
groups, irrespective of ambient temperature condition. That 
Select groups feeding in the cold composed diets lower in 
protein and higher in carbohydrate is consistent with results 
obtained with mice [12] and rats [22] reared continuously in 
the cold, as well as with findings in Experiment 1 for chicks 
who were cold in the dark phase. Absolute protein intake 
was greatest for all groups during the first 4 hr after light 
onset, F(2,74)=117.21, p<0.0001, when total intake was 
greatest (see Fig. 5: Experiment 2). In contrast, the percent 
of dietary protein was greatest in the last 4 hr prior to light 
offset, F(2,74)=3.68, p<0.029 (see Fig. 6: C/C, C/W). This 
pattern of intake also mirrored that of Experiment 1. 


Activity 


There was no main effect of either Diet or Light/Dark 
Temperature on activity. All chicks ran less over days, 
F(20,719)=20.63, p<0.001 (see Fig. 7: C/C, C/W). Activity 
was generally suppressed in both groups relative to activity 
levels typical of chicks of this age (see Experiment 1: Group 
W/W; [25)). 


DISCUSSION 


Although the intake, feed efficiency, and activity of the 
two groups did not differ, Group C/C maintained signifi- 
cantly lower body temperatures during the dark phase of the 
photoperiod and grew better than chicks reared in cold dur- 
ing the light phase only. In Experiment 1, cold during the 
dark phase only resulted in several diurnal adjustments (in- 
creased intake, decreased body temperature and activity). In 
the present study, however, the cold diurnal ambient tem- 
perature stimulated intake and suppressed activity in both 
groups. As a result, the superior growth of Group C/C could 
be attributed exclusively to their maintenance of a lower 
24-hr body temperature. Although body temperature is often 
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viewed as a homeostatic set-point variable that is regulated 
within a narrow range, the present data are consistent with 
previous findings that body temperatures of both warm- 
blooded [6] and cold-blooded [16] species, given certain 
energetic constraints, may deviate from normal range. 
Whether this was a passive consequence of the lower 24-hr 
temperature or whether the C/C Group actively defended a 
lower body temperature cannot be determined; however the 
latter is strongly implicated by the fact that the result was 
superior growth—a clearly adaptive outcome. 

Unlike the intake of chicks feeding when the ambient 
temperature was warm, the intake of chicks feeding diurnally 
in the cold appeared to be guided by proximal ambient tem- 
perature cues. Nocturnal cold did not selectively influence 
either absolute intake or diet composition in the present 
study. Although cold stimulated feeding in both C/C and 
C/W Groups, chicks in each group with an opportunity to 
control the composition of their diet in addition to the 
amount consumed selected a higher daily percentage of 
carbohydrate and grew better than the corresponding Non- 
select groups. Again, however, nocturnal temperature in this 
experiment did not differentially influence diurnal diet selec- 
tion when both groups fed in a cold environment. Thus it 
appears that high-carbohydrate diets are optimal for growth 
at lower ambient temperatures, irrespective of when in the 
24-hr period the cold phase occurs. 

The superior growth of the chicks who were reared in 
nocturnal cold relative to that of chicks who presumably had 
an energetic conservation advantage of being warm at night 
suggests that growing chicks are better able to cope with 
ambient temperature conditions that more closely approx- 
imate natural thermal patterns than those which do not, even 
when the challenge is more severe. 


GENERAL DISCUSSION 


Although specific statistical comparisons between groups 
in Experiments | and 2 should perhaps be viewed with some 
caution, we matched the subjects in both experiments by age 
and conducted an overall analysis on the major variables in 
an attempt to reach some general conclusions regarding the 
effects of cold ambient temperatures on energetic relations in 
growing chicks. Chicks reared in an ambient termperature 
condition which most closely approximated the thermal pat- 
tern in the natural environment (W/C) grew faster, 
F(51,1223)=7.06, p<0.0001, than chicks in any of the other 
temperature conditions, while chicks reared with identical 
24-hr conditions but in the reverse pattern (C/W) exhibited 
the most inferior growth! Chicks exposed to cold in any 
phase of the photoperiod (W/C, C/C, C/W) ate more, 
F(3,73)=3.28, p<0.03, ran less, F(3,73)=6.26, p<0.0009, 
and maintained lower body temperatures, F(3,73)=31.90, 
p<0.0001, than chicks reared continuously in a warm tem- 
perature. 

These results demonstrate that in the face of increased 
energetic demands, food intake increased, activity de- 
creased, body temperatures decreased, diet composition 
changed, and food was differentially stored. For the most 
part, this strategy of maximizing energy income and minimiz- 
ing energy expenditure resulted in growth equal to or better 
than that typically obtained in standard laboratory condi- 
tions of constant (warm) ambient temperatures. For chicks 
with cold ‘‘nights’’ only, this strategy completely compen- 
sated for their greater nocturnal weight loss and resulted in 
superior growth; for chicks with both cold ‘‘nights’’ and cold 
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‘“days,”’ this led to growth equal to that of warm-reared con- 
trols. Chicks whose ‘‘days’’ were cold also exhibited these 
behavioral adjustments, but they were apparently unable to 
exploit any savings from warm “‘nights’’—an unusual pat- 
tern of environmental temperature, and their growth was 
inferior to that of chicks reared under standard laboratory 
conditions. 

Several patterns of feeding behavior and activity were 
consistent across the ambient temperature conditions in the 
two experiments. Regardless of diurnal or nocturnal tem- 
perature, all groups consumed the largest proportion of 
carbohydrate during the first 4 hr after light onset, and the 
largest proportion of protein during the last 4 hr prior to light 
offset. A similar finding has been reported for adult rats, who 
consume the greatest percentage of carbohydrate at the out- 
set of the dark phase and the greatest percentage of protein 
at the end of the dark phase [29]. The fact that this phenom- 
enon is not restricted to either avians or developing or- 
ganisms suggests that it is a basic feeding strategy of general- 
ized omnivores. Given that the (a) largest proportion of the 
daily diet is carbohydrate, and (b) animals defend their 
protein:energy ratio [8], it is interesting that animals obtain 
the major percentage of this component first, *‘fine-tuning”’ 
their diet with sufficient protein in the final segment of the 
feeding phase. In this way, they preserve the protein:energy 
ratio in the face of variable supplies. It is notable that many 
insects, worms, and other high-protein sources exploited by 
birds are especially abundant at dusk. Additionally, since 
diets high in carbohydrate elevate body temperatures [9, 13, 
14], a high-carbohydrate meal early in the day may facilitate 
recovery of body temperature following the nocturnal fast. 

To the extent that chicks in the present studies grew, we 
can assume that they were balancing their energy budgets 


effectively. Apparently the proximal cue of cold is an impor- 
tant but not an exclusive determinant of increased intake. 
Chicks feeding in a warm ambient temperature that were 
exposed only to nocturnal cold also increased their diurnal 
intake. Thus cold exposure per se, regardless of when it 
occurs within a 24-hr period, stimulates intake during 
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periods of food access. Similarly, cold in any phase of the 
photoperiod reduced activity—an additional component of 
the chick’s response to thermal challenge. However, all 
groups, regardless of ambient temperature or diet condition, 
decreased running over days. Dawson and Siegel [11] re- 
ported similar results for chicks reared socially in large open 
pens. Thus, the present finding was not a result of individual 
rearing or a peculiarity of housing and probably reflects a 
general developmental phenomenon [27]. 

In conclusion, when reared in ambient temperature con- 
ditions that more closely resemble those in natural settings, 
growing chicks are able to alter a number of behavioral and 
physiological parameters in a way that maintains rapid 
growth. Their particular combination of strategies obviously 
must depend upon the behavioral options that are available. 
For example, given an opportunity to compose their own 
diet, they alter its composition and increase intake; without 
that option, they can only increase intake and do; these ad- 
justments are also accompanied by alterations in factors that 
affect energy expenditure, e.g., activity and body tempera- 
ture. However, it is more difficult for chicks to cope with 
ambient temperature conditions that deviate from those 
normally encountered in natural settings. Standard labora- 
tory conditions not only provide such deviant conditions but 
also typically allow few, if any, behavioral options. As a 
result, laboratory animals are reared in conditions which 
yield less-than-maximum growth. 

These results lead to the conclusion that feeding behav- 
ior, dietary choice, activity, thermoregulation, and growth 
cannot be studied independently of one another. All con- 
tribute to the animal’s energy equation, and any conclusions 
reached when only one factor is varied (or measured) must be 
limited to a particular circumscribed set of conditions. 
Moreover, these findings demonstrate that there is no single 
diet, no single activity level, body temperature, etc. that is 
*‘best’’ under all conditions. Rather, that which is optimal 
depends not only on a number of environmental conditions 
but also on the animal's options. As these vary, so will the 
animal’s behavioral solutions. 
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WIRTSHAFTER, D. AND K. E. ASIN. Discrimination learning and reversal following electrolytic lesions of the median 
raphe nucleus. PHYSIOL BEHAV 37(2) 213-219, 1986.—The current study examined the effects of electrolytic median 
raphe lesions on the performance of several T-maze discrimination tasks. Raphe lesions were found to impair the reversal, 
but not the acquisition, of a learned position habit, but to be without effect on either the acquisition or reversal of 
simultaneous brightness discrimination task. Rats with raphe damage were severely impaired in the acquisition of either a 
successive brightness discrimination task or of a delayed spatial alternation task. These results are similar to those which 
have been reported after limbic damage, and support the view that the paramedian midbrain tegmentum may play an 


important role in the functioning of limbic structures. 
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A number of studies have demonstrated that electrolytic le- 
sions of the median raphe nucleus lead to dramatic disturb- 
ances in the performance of a variety of behavioral tasks [2, 
3, 6, 7, 18, 28, 47, 48, 52, 53, 56, 58], and the magnitude of 
these disturbances is so severe that Thompson and his co- 
workers have suggested that the median raphe nucleus may 
be part of a “‘general learning system’”’ [52]. In order to better 
understand the precise nature of the deficits resulting from 
median raphe lesions, examining the behavioral effects of 
raphe damage on several widely studied behavioral tasks 
would seem to be a reasonable starting point. This approach 
permits comparisons between the behavioral effects of raphe 
nuclei lesions and the previously established behavioral ef- 
fects of damage to other, more thoroughly studied, brain 
structures. In addition, since recent evidence suggests that 
the raphe syndrome may be comprised of several independ- 
ent components with different anatomical substrates [2, 3, 4, 
16, 17, 29, 60], information as to the effects of electrolytic 
median raphe lesions on a variety of tasks will likely prove to 
be useful in future studies aimed at “‘fractionating’’ the 
raphe syndrome. 

Previous studies have suggested that there is a remarka- 
ble correspondence between the behavioral effects of me- 
dian raphe and limbic system lesions [2, 3, 6, 7, 18, 28, 35, 
36, 40, 47, 48, 52, 53, 56, 58]. To cite just one example, 
lesions of either the median raphe nucleus or of the hip- 
pocampus, septum or mamillary bodies have been reported 
to lead to long lasting, severe deficits in the performance of 
an 8-arm radial maze task, whereas damage to several other 
structures such as the caudate nucleus lead to much milder 
deficits [36,56]. Such behavioral results provide support for 
the anatomically derived concept of a “‘limbic-midbrain cir- 


cuit’’ [34] involving limbic system structures and the median 
raphe nucleus and adjacent structures such as the ventral 
tegmental nucleus of Gudden. Evidence from elec- 
trophysiological studies provides further support for the no- 
tion of a functional relation between the parmedian midbrain 
tegmentum and structures such as the hippocampus and sep- 
tum [7, 30, 55, 61]. 

Given the above evidence suggesting a functional relation 
between the paramedian tegmentum and the limbic system, 
it seems reasonable to further examine the effects of raphe 
lesions on tasks known to be sensitive to limbic damage. 
Discrimination learning and reversal have been extensively 
investigated following limbic lesions and a variety of deficits 
have been described. Hippocampal and septal lesions have 
been reported to impair the reversal, but usually not the 
acquisition, of learned position habits [19, 20, 21, 41, 43, 48], 
to disrupt the acquisition of successive (but usually not 
simultaneous) brightness descriminations [22,38], and to im- 
pair the acquisition of a delayed single alternation task [12, 
14, 23, 31, 39, 42]. The current study was designed to exam- 
ine the effects of electrolytic median raphe lesions on these 
discrimination tasks in order to further specify the extent to 
which the syndrome produced by paramedian tegmental 
damage resembles that reported following limbic lesions. 
Some of the results reported here have been presented in 
abstract form [8]. 


EXPERIMENT | 


A number of studies have indicated that limbic lesions 
tend to impair the reversal, but usually not the acquisition, of 
T-maze position habits [19, 20, 21, 41, 43, 48]. Experiment 1 





WIRTSHAFTER AND ASIN 


TABLE | 
ACQUISITION AND REVERSAL OF A T-MAZE POSITION HABIT FOLLOWING MEDIAN RAPHE LESIONS 
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Acquisition 
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Criterion 


Criterion 


Trials to 
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Errors to 
First Reversal 
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Errors to 
Reversal 
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Control 8 + 4. 6.1 
Raphe 2.8 + 6. 7.0 
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24.0 0.0 3.8 
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Mean + SEM; *p<0.05; #p<0.001. 


therefore examined the effects of electrolytic median raphe 
lesions on the acquisition and reversal of a food reinforced 
position habit in a T-maze. 


METHOD 
Animals 


Subjects were fifteen adult, male Sprague-Dawley de- 
rived rats obtained from a colony maintained by the Univer- 
sity of Illinois. The rats weighed about 300 g at the time of 
surgery..Animals were housed in individual wire mesh cages 
on a 12/12 hr light/dark cycle. Water was available ad lib at 
all times. 


Surgery 


Surgery was performed under sodium pentobarbital 
anesthesia (50 mg/kg). A stainless steel electrode, 0.23 mm in 
diameter and insulated except for 0.5 mm at the tip, was 
stereotaxically placed at coordinates (with respect to the 
interaural line) of AP: —0.2; H: —4.3; and L: 0.0 using a 
vertical approach following retraction of the superior sagittal 
sinus [58]. A 1 mA current was then passed for 8 sec between 
the electrode and a rectal cathode. In sham-operated control 
animals, a burr hole was drilled but the electrode was not 
lowered. Eight rats received electrolytic median raphe le- 
sions while the remaining seven served as controls. 


Histology 


Following the completion of behavioral studies, animals 
were perfused, under deep pentobarbital anesthesia, with 
normal saline followed by 10% formalin. Brains were stored 
in formalin for at least two weeks; 64 micron thick cryostat 
sections were then made through the extent of the lesions. 
The sections were stained with cresyl violet. 


Apparatus 


Training was conducted in a wooden T-maze with 10 cm 
high walls. The start arm was 59 cm long and 10.2 cm wide 
and the two goal arms were 51.2 cm long and 10.2 cm wide. 
The inside of the maze was painted flat black and the entire 
apparatus was covered by clear Plexiglas. A guillotine door 
served to separate a start box, 15 cm long, from the remain- 
der of the start arm and guillotine doors were also present at 
the entrances into each of the goal arms. 


Procedure 


Subjects were given two weeks to recover from surgery 
after which time they were placed on a one hour per day 
feeding schedule. Following eight days adaptation to this 


FIG. 1. Photograph of an unstained section through the maximal 
extent of a typical median raphe lesion. 


schedule, animals were individually placed in the T-maze, 
with all doors raised, and were allowed to explore it for five 
min. The following day subjects were placed into one of the 
goal arms, with the guillotine door lowered were and re- 
strained in that arm until they had eaten a Froot Loop which 
had been placed in a glass coaster at the end of the arm. This 
procedure was then repeated with the other arm. Training on 
the position habit was begun on the following day. For each 
animal, either the right or the left goal arm was randomly 
assigned as correct (i.e., baited). Rats were placed in the start 
box with the door lowered and 15 sec later the door was 
raised. When an animal had entered a goal arm with all four 
paws, the guillotine door to that arm was closed to prevent 
retracing. If an animal entered the correct arm it was re- 
strained there until it had consumed the Froot Loop rein- 
forcement. If the incorrect arm was entered the animal was 
retained there for 15 sec. Subjects received four trials per 
day on the first two days of acquisition training and eight 
trials per day thereafter. Animals were run with an intertrial 
interval of 8 to 12 min. Subjects were run until they had 
achieved a criterion of at least seven correct reponses on two 
consecutive days; rats were then trained on the reversal of 
the original response until the same criterion was achieved. 


Statistical Analysis 


Data were analyzed using Student’s t-tests. Error scores 
were subjected to log transformation prior to analysis in 
order to reduce heterogeneity of variance. 
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RESULTS 


Behavioral results from this experiment are shown in 
Table 1. Subjects with raphe lesions tended to require more 
trials and tended to make more errors than intact animals 
before reaching the original acquisition criterion, but neither 
of these differences approached significance (p >0.4). There 
was no tendency towards a bimodal distribution of acquisi- 
tion scores in either experimental or control animals. In con- 
trast, animals with lesions required significantly more trials 
than controls to reach the reversal criterion, #(13)=2.325, 
p<0.05, and made significantly more errors than controls in 
doing so, t(13)=4.064, p<0.001. Subjects with lesions made 
significantly more errors than control animals before making 
the first correct response during the reversal period, 
t(13)=2.305, p<0.05. Experimental subjects also made more 
errors than controls during the period before achieving re- 
versal criterion but after the occurrence of the first correct 
response, #(13)=2.66, p<0.05. 

Figure 1 shows an example of a typical median raphe 
lesion from the current study. The lesions severely damaged 
the median raphe nucleus and, in some cases, extended out- 
side it to produce damage to adjacent structures such as the 
ventral tegmental nucleus and the caudal pole of the tegmen- 
tal reticular nucleus of the pons. In no case did damage ex- 
tend into the ventral tegmental area. No obvious correlations 
between histological and behavioral results could be de- 
tected. 


DISCUSSION 


This experiment demonstrates that electrolytic median 
raphe lesions impair the reversal, but not the acquisition, of a 


T-maze position habit. Similar results under somewhat dif- 
ferent experimental conditions have been obtained by other 
workers [48,52]. As noted above, a number of studies have 
reported impairments in the reversal of position habits fol- 
lowing limbic lesions [19, 20, 21, 41, 43, 48]. The deficit ob- 
served in the current study appears to be, at least in part, 
perseverative, since the animals with raphe lesions required 
more trials than controls to abandon their initial position 
habit. Similar results have been reported following fornix 
lesions [21]. It is interesting that raphe lesions also tend to 
produce perseverative responding in tests of spontaneous 
alternation [4, 5, 18]. It would thus appear that animals with 
raphe damage tend to perseverate both spontaneously occur- 
ing and learned responses. 


EXPERIMENT 2 


Experiment 2 examined the behavior of rats with elec- 
trolytic median raphe lesions during the acquisition and 8 
consecutive reversals of a simultaneous brightness discrimi- 
nation habit and on an extradimensional shift from a bright- 
ness to a position habit. Although impairments in the rever- 
sal of simultaneous brightness tasks have sometimes been 
reported following limbic damage [15, 20, 22, 44], such ef- 
fects have not always been seen [33, 43, 50]. 


METHOD 
Animals and Surgery 


Subjects were 16 Sprague-Dawley derived rats similar to 
those used in the first experiment. Eight animals were given 
median raphe lesions and eight were sham operated using 
methods identical to those described in the first experiment. 
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FIG. 2. Errors to criterion for the acquisition and eight consecutive 
reversals of a simultaneous brightness discrimination by control sub- 
jects and animals with electrolytic median raphe lesions. 





Histological procedures were also identical to those de- 
scribed above. 


Apparatus 


Training was conducted in a wooden T-maze with dimen- 
sions identical to those described in the first experiment. The 
start arm of the maze was constructed of unfinished pine, 
whereas one goal arm was painted flat black and the other 
flat white. The maze was constructed so as to allow the white 
and black goal arms to be interchanged. 


Procedure 


Deprivation conditions and preliminary training were as 
in the first experiment. For half of the subjects the initial 
training condition was with the white arm correct, and for 
the other half the black arm was correct. If the correct arm 
was entered, the rat was restrained in it until the Froot Loop 
was eaten. If the incorrect arm was entered, the animal was 
restrained in the goal box for 15 seconds. Rats were given 
four trials per day for two days and then eight trials per day 
until completion of the experiment. The intertrial interval 
was 8 to 12 minutes. The spatial position of the correct and 
incorrect arms was determined by a random series with the 
constraint that, in each block of eight trials, the correct arm 
was placed on the right four times and the left four times. 
Subjects were trained on the initial discrimination until a 
criterion of at least seven correct responses on each of two 
consecutive days was reached. Animals were then trained on 
eight consecutive reversals of the brightness habit, training 
on each reversal continuing until the above criterion was 
reached. 

When each animal reached criterion on the last brightness 
reversal task, it was then trained on the acquisition of a 
position discrimination habit in the same apparatus. Training 
was continued until the usual criterion of two consecutive 
days with not more than one error per day was achieved. 
During this period, the position of the white and black arms 
was determined by a pseudorandom series, as it was during 
brightness task acquisition. 


RESULTS 


Results of this experiment are shown in Fig. 2 where it 
can be seen that raphe lesions did not tend to alter either the 
acquisition or reversal of the brightness task. Furthermore, 
both normal subjects and those. with lesions showed a pro- 





TABLE 2 


ACQUISITION OF A SUCCESSIVE BRIGHTNESS DISCRIMINATION 
FOLLOWING MEDIAN RAPHE LESIONS 





Trials to 
Criterion 


Errors to 
Criterion 





Control 41.6 
Raphe 


+ 4.8 588 222 
100.07 + 12.0 


38.0* + 6.6 





Mean + SEM; *p<0.02; tp<0.01. 


gressive improvement in performance across the consecu- 
tive reversals. These conclusions are supported by the re- 
sults of a 2x8 (lesion x trials) repeated measures ANOVA 
which indicated a significant effect of trials (p><0.05) but not 
of raphe lesions (p>0.2). The lesion x trials interaction also 
failed to approach statistical significance (p>0.2). Control 
subjects and those with median raphe lesions showed almost 
identical performance when they were switched from the 
brightness to the position task. Intact animals made a mean 
of 7.9+1.2 (S.E.M.) errors to achieve criterion on the posi- 
tion habit whereas lesioned animals made a mean of 7.1+0.9 
errors. Histological studies indicated that the lesions 
produced here were very similar to those examined in exper- 
iment 1. 


DISCUSSION 


The results of this experiment suggest that median raphe 
lesions, similar to those which are able to produce an im- 
pairment on the reversal of a position habit, do not necessar- 
ily interfere with the reversal of a brightness habit. Although 
Thompson and Spiliotois [53] have recently reported im- 
pairments in the reversal of a brightness discrimination task 
following median raphe lesions, their lesions appear to be 
larger than those examined here and somewhat different 
training conditions were used. 

The current results suggest that brightness reversal is a 
less sensitive measure of the effects of median raphe damage 
than is position reversal and some evidence suggests that the 
same conclusion may hold for limbic system lesions. For 
example, although there have been a number of reports of 
impaired brightness reversal after hippocampal, fornix, or 
septal lesions [15, 20, 22, 44], several other investigations 
have failed to find such effects [15, 33, 43, 50], even in 
studies in which position reversal was found to be impaired 
[43,50]. Between-study differences in the difficulty of the 
discrimination [15], the number of training trials given prior 
to reversal [50] and the lesion size may account for these 
discrepant results [43]. Samuels [43] has reported that larger 
lesions of the hippocampus are required to impair brightness 
than position reversal. It would thus appear that both limbic 
and median raphe lesions tend to have a more robust effect 
on the reversal of position than of brightness discrimination 
habits. Further work will be necessary before it will be 
possible to specify the basis for the sensitivity of position 
reversal habits to limbic and raphe damage. It is possible that 
these lesions might result in a specific tendency to persever- 
ate response patterns (i.e., turning right) which might inter- 
fere more with position than brightness reversal. The results 
of experiment 2 also suggest that median raphe lesions do not 
affect the ability of subjects to switch from a brightness to a 
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position discrimination habit. Similar results have been re- 
ported in animals with hippocampal lesions [41]. 


EXPERIMENT 3 


Although limbic lesions have not usually been found to 
alter the acquisition of simultaneous discriminations when 
clearly discriminable stimuli have been employed, these le- 
sions have, in contrast, been found to severely impair the 
acquisition of successive discriminations [22,38]. In this ex- 
periment, therefore, we examined the effects of electrolytic 
median raphe lesions on the acquisition of a successive 
brightness discrimination task. 


METHOD 
Animals and Surgery 


Subjects were eight rats similar to those described in the 
preceding experiments. Four animals received median raphe 
lesions and four were sham operated. 


Apparatus 


Training was conducted in a wooden T-maze with dimen- 
sions identical to those described in the above experiments. 
The start arm of the maze was unpainted. The maze was 
constructed so that the start arm could be attached to either 
of two sets of goal arms. These sets of goal arms were identi- 
cal except that one was painted flat black and the other flat 
white. 


Procedure 


Deprivation conditions and preliminary training were as 
in the above experiments. When the white goal arms were in 
place, a Froot Loop was placed at the end of the right goal 
arm, and when the black goal arms were in place the reward 
was placed at the end of the left goal arm. White and black 
goal arms were alternated in a random fashion with the con- 
straint that over each eight trial block, the white arms were 
in place on four trials. Rats received four trials per day on the 
first two days of training and eight trials per day thereafter 
until a criterion of two consecutive days with not more than 
one error per day was reached, or until 16 days had elapsed 
without criterion being reached. In the latter case, the animal 
was arbitrarily assigned a score of 120 trials to criterion. 


RESULTS 


Results of this experiment are shown in Table 2. Raphe 
lesions produced a marked impairment in the number of 
trials needed to reach criterion, t(6)=4.46; p<0.01, and in the 
number of errors made in doing so, t(6)=3.58; p<0.02. There 
was no overlap between the control and experimental 
animals with regard to either of these measures. Histological 
examination revealed that the lesions produced here were 
similar to those examined in the earlier studies. 


DISCUSSION 


The results of experiments 2 and 3 together suggest that 
electrolytic median raphe lesions produce a more severe im- 
pairment in the acquisition of a successive than of a simulta- 
neous brightness discrimination habit. This conclusion is in 
good agreement with results obtained after limbic lesions 
[22,38]. One factor which might play a role in the sensitivity 
of successive brightness discrimination tasks to limbic and 
raphe damage is that animals would be expected to have 
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more difficulty discriminating between two stimuli which are 
present on successive trials than they would in discriminat- 
ing between two stimuli present on the same trial. It is 
possible that animals with lesions may not readily ‘‘notice”’ 
differences in the brightness of the goal arms on consecutive 
trials. This notion is compatible with our suggestion that 
raphe lesions may impair attention to environmental stimuli 
unless they are made highly salient [9,58]. The finding that 
hippocampal lesions produce a greater impairment in the ac- 
quisition of visual than of tactile successive discrimination 
habits [38], would seem compatible with the idea that atten- 
tional deficits may play a role in impairments in successive 
discrimination learning in rats with limbic damage. 


EXPERIMENT 4 


Experiment 4 was designed to examine the effects of elec- 
trolytic median raphe lesions on the acquisition of a T-maze 
delayed alternation habit. Delayed spatial alternation re- 
sponding has been found to be severely impaired following 
damage to limbic structures such as the hippocampus, sep- 
tum and mamillary bodies [12, 14, 23, 31, 39, 42]. 


METHOD 
Subjects and Surgery 


Subjects were eight adult, male rats similar to those de- 
scribed above. Four animals received electrolytic median 


raphe lesions and four where sham operated as described 
above. 


Apparatus and Procedure 


The apparatus, deprivation schedules and preliminary 
training conditions were identical to those described in ex- 
periment 1. Animals were given five trials per day on the first 
two days of training and ten trials per day thereafter. On the 
first trial of each day both goal boxes contained a single Froot 
Loop. After the animal had entered one goal box it was 
allowed to eat the reward and was then returned to the start 
box for a one minute intertrial interval. On each of the fol- 
lowing trials entry into the arm not entered on the previous 
trial was reinforced. If the animal entered the incorrect arm it 
was restrained in it for 15 seconds and was then returned to 
the start box. Training continued until animals reached a 
criterion of two consecutive days with not more than one 
error per day. Subjects who had not reached criterion by the 
end of 21 days of training were arbitrarily assigned a score of 
200 trials to criterion. 


RESULTS 


The results of this experiment are shown in Table 3 where 
it can be seen that animals with lesions required significantly 
more trials to reach criterion than did intact animals, 
1(6)=4.32; p<0.01, and made significantly more errors in 
doing so, (6)=7.83; p<0.01. Only two of the experimental 
subjects were able to learn the task within the 21 days 
allowed and these subjects made more errors and required 
more trials to reach criterion than did any intact animal. 
Histological studies revealed that the lesions produced in 
these animals were similar to those examined in the previous 
experiments. 


DISCUSSION 


The results of experiment 4 indicate that electrolytic me- 


TABLE 3 


ACQUISITION OF A SINGLE ALTERNATION HABIT FOLLOWING 
MEDIAN RAPHE LESIONS 





Trials to 
Criterion 


Errors to 
Criterion 





Control 102 12 25.8 5.4 
Raphe 185* + 15 96.8* + 7.3 





Mean-SEM; *p<0.01. 


dian raphe lesions produce a marked impairment in the ac- 
quisition of a delayed spatial alternation task. We have con- 
firmed this result in other studies in which shorter intertrial 
intervals were employed ([4], unpublished observations). 
These results are similar to those observed after damage to a 
number of regions related to the limbic system such as the 
hippocampus, septum, and mamillary bodies [12, 23, 31, 39, 
42]. Additionally, lesions of the mamillotegmental tract, 
which projects from the mamillary bodies to the paramedian 
tegmentum, have also been reported to disrupt performance 
of a delayed alternation habit [14]. It is possible that the 
effects of raphe lesions on alternation behavior may be re- 
lated to their effects on radial maze performance [2,56], 
since both of these tasks involve a prominent ‘‘working 
memory’’ [36] component. 


GENERAL DISCUSSION 


The results of the current series of studies indicate that 
electrolytic median raphe lesions impair the reversal of a 
position habit and impair the acquisition of both a successive 
brightness and a delayed alternation task. In contrast, the 
lesions did not produce significant impairments in the acqui- 
sition of a position habit, in the acquisition or the reversal of 
a simultaneous brightness task or in an extradimensional 
shift from a brightness to a position habit. It is not clear, at 
the present time, whether all of the observed impairments 
stem from a single underlying functional deficit or whether 
they reflect distrubances in several different behavioral 
mechanisms. In addition, it does not yet seem possible to 
predict, a priori, on which tasks raphe lesioned animals will 
show a deficit. An obvious possibility is that raphe lesions 
might selectively impair the acquisition of more difficult 
habits. Although some data suggest that this statement may 
hold true if difficulty is varied by altering stimulus dis- 
criminability within a given task [60], the current results do 
not suggest that this generalization can be applied across 
different experimental conditions. For example, raphe le- 
sions were found to impair position reversal, which controls 
found easier than any other task examined here (mean of 3.8 
errors to criterion), while having no effect on position acqui- 
sition (mean of 6.1 errors for control animals). Raphe lesions 
also failed to impair simultaneous brightness acquisition or 
reversal or the extradimensional shift task even though in- 
tack animals again found these problems more difficult than 
position reversal (means of 8, 10.4, and 7.1 errors to criterion 
respectively). In other preliminary studies we have found 
that if the intertrial delay in the single alternation task is 
eliminated, control animals are able to reach criterion with a 
mean of 7.0 errors, suggesting a difficulty level similar to that 
of the tasks in the current study which were unaffected by 
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raphe damage. Nevertheless, under these conditions, me- 
dian raphe lesions still produced a large impairment in per- 
formance. It would thus appear that, across different exper- 
imental conditions, there is no simple monotonic relation- 
ship between the difficulty intact animals have in acquiring a 
given task and the probability of observing a raphe lesion- 
induced deficit. 

The current results demonstrate that electrolytic median 
raphe lesions result in alterations in discrimination acquisi- 
tion or reversal which are very similar to those reported after 
damage to the hippocampus or septum. These similarities, 
together with others referenced in the introduction, suggest 
that the paramedian tegmentum of the midbrain and the 
septo-hippocampal system may be involved in the control of 
similar neural functions. A large body of anatomical data 
also supports the concept of functional interactions between 
limbic structures and the paramedian tegmentum. For 
example, the median raphe nucleus has been shown to send 
both serotonergic and nonserotonergic projections to the 
hippocampus and septum [10, 32, 49], and the dorsal and 
ventral tegmental nuclei of Gudden have been shown to be 
reciprocally interconnected with the mammillary bodies [11, 
13, 57]. Furthermore, lesions within the paramedian tegmen- 
tum have been demonstrated to produce alterations in hip- 
pocampal electrical activity [30,61]. Thus, anatomical elec- 
trophysiological, and, as the current results show, behav- 
ioral studies all support the usefulness of the concept of a 
*‘limbic-midbrain circuit,”’ first proposed by Nauta in 1958 [34]. 

It is well known that the midbrain raphe nuclei contain 
many serotonergic cells and are the major source of fore- 
brain serotonin. Although biochemical data were not col- 
lected on the animals examined in the current experiments, 
in other subjects with histologically similar lesions we have 
observed approximately 50% depletions of hippocampal 
serotonin with no alterations in striatal levels. Nonetheless, 
it should not be assumed that the behavioral effects observed 
here necessarily result from interference with serotonergic 
mechanisms. For example, less than half of the cells in the 
median raphe nucleus appear to be serotonergic [32] and a 
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HOLSON, R. R. Mesial prefrontal cortical lesions and timidity in rats. I. Reactivity to aversive stimuli. PHYSIOL 
BEHAV 37(2) 221-230, 1986.—Two experiments were conducted to assess the degree to which mesial prefrontal cortical 
(MFC) lesions in male rats alter the behavioral manifestations of fear (timidity). The first experiment gauged the reactivity 
to the threat of electroshock. MFC lesions did not alter the incidence of freezing in a box associated with shock. MFC and 
sham-lesioned subjects made few errors when they were required to run from an open field into a small compartment to 
avoid shock, but displayed the classical MFC deficit when forced to run in the opposite direction. MFC lesions also 
increased the latency to enter an open field when the field was novel or aversive, but not when it was familiar. In a second 
experiment, it was found that the classical MFC hoarding deficit occurred when rats had to traverse an illuminated but not 
a dark runway to reach food pellets. Similarly, burrowing was normal when subjects had to burrow to escape from an open 
field, but not when they had to enter an open field to burrow. It is concluded that damage restricted to MFC enhances 
timidity, and that this effect accounts for several behavioral alterations that contribute to the MFC lesion syndrome. 
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THERE is little doubt that human prefrontal lobotomy 
greatly reduces chronic pain [12, 40, 49, 83], fear, anxiety and 
depression [2, 3, 5, 9, 32, 51, 52, 76). Freeman and Watts found 
that tension and anxiety dropped markedly in conscious pa- 
tients as soon as the second, contralateral incision was 
completed [22,82]. This rapid relief of negative affect re- 
mains the predominant justification for a continued low level 
of psychosurgery involving the frontal lobes [4, 19, 21, 57]. 

Despite the strength of the evidence for a prefrontal role 
in human emotion, there is no generally accepted animal 
model of such effects. Instead, most animal research on pre- 
frontal syndromes has focused upon delayed response defi- 
cits or similar cognitive disorders, virtually ignoring lesion- 
induced alterations in affect. Neglect of this topic is also seen 
in recent reviews of animal [23, 36, 60] and even clinical [73] 
literature, which largely ignore the topic. 

Yet a careful reading of the animal literature suggests that 
prefrontal lesions do have an effect upon emotionality in a 
variety of animals, and that this effect is to increase behav- 
ioral reactivity to aversive stimuli. Over the last century this 
syndrome, labelled timidity in this series of papers, has been 
described repeatedly in primates with prefrontal damage [6, 13, 
14, 17, 53, 58, 74]. In rats, prefrontal lesions increase startle 
[27], the head-shake response to a strong puff of air [61], 
reaction to restraint [25], and reactivity to human approach 
and handling [34, 35, 47, 48, 55]. A similar increase in reac- 
tivity to aversive stimuli has been reported in prefrontal dogs 
[66] and cats [64]. Recent physiological research has also 





implicated the prefrontal cortex in the modulation of emo- 
tion. There is a large and specific increase in dopamine turn- 
over in rodent mesial prefrontal cortex following even brief 
exposure to mild stressors [8, 28, 39, 75], while clinical EEG 
studies of depressives show there is an abnormal activity 
focus in the right prefrontal region [16,62]. These findings are 
consistent with reports of altered imipramine binding in the 
prefrontai cortex of suicides [70], and in similar regions of 
rat brain in one animal model of depression [63]. 

In short, the prefrontal cortex seems linked to the ex- 
pression of negative affect. Such a role may not be limited to 
the orbital region, and is as yet poorly understood. 
Moreover, as Deets ef al. [17] remarked, this apparent ac- 
centuation of fear in prefrontal animals **. . .stand(s) in strik- 
ing contrast with existing reports of lobotomized human pa- 
tients.’ This paper is the first in a series of three reports on 
the behavioral manifestations of fear (timidity) in rats with 
MFC lesions. 


GENERAL METHOD 


Subjects in these experiments were adult male rats bred 
from Long-Evans stock at the University of Washington. All 
animals were maintained on a 12-hour light/dark cycle. Sub- 
jects were weaned on postnatal day (PND) 24, and placed in 
same-sex group cages, with 8 males from a maximum of 2 
litters per cage. Subjects remained in these cages until ap- 
proximately PND 80, when they were isolated in individual 


‘Requests for reprints should be addressed to R. Holson, Division of Reproductive and Developmental Toxicology, National Center for 
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hanging cages until the end of the experiment. All subjects 
were sorted into matched pairs. In addition to being the same 
sex and strain, pairs were matched on weight, day of birth, 
common group caging, and day of surgery. Where vivarium 
practices allowed, subjects were also littermates. Testing 
was carried out on matched pairs simultaneously (when 
apparatus allowed) or consecutively. Most data were subse- 
quently analyzed using these matched pairs in ‘‘within sub- 
jects’’ comparisons. 

The lesion technique described here produced damage 
which was centered on MFC, spared the saggital sinus, and 
was located well anterior to the genu of the corpus callosum. 
The stereotactic technique placed the electrode precisely on 
the midline to produce a series of six bilaterally symmetrical 
lesions. The midline was approached from an angle to avoid 
damage to the overlying saggital sinus. Subjects were 
anesthetized with 3.0 ml/kg Equithesin (IP) after a 24-hour 
fast and placed in a standard stereotax. The skull was ex- 
posed with a single midline scalp incision, stretching from 
the level of the eyes to lambda. Electrode penetrations were 
made at three anterior-posterior (AP) levels, 3.3, 4.3 and 5.3 
mm anterior to bregma. Two burr holes were drilled in the 
skull with a No. 10 dental burr. The most posterior hole was 
drilled just lateral to the coronal suture 3.3 mm anterior to 
bregma. A second burr hole was then made on the opposite 
side of the coronal suture, at the mid-point between the two 
anterior AP locations (this second burr hole was large 
enough to allow penetrations at 4.3 and 5.3 mm anterior to 
bregma). Skull thickness was then measured by taking the 
difference between the dorso-ventral (DV) coordinates of the 
coronal suture and the cortical surface in the same AP plane. 

All penetrations were made 0.9 mm lateral to the coronal 
suture, using lateral and DV coordinates calculated from the 
coronal suture and corrected for skull thickness. At 3.3 mm 
anterior to bregma three burns were made at a depth of 1.5, 
2.5 and 3.5 mm from the cortical surface and at an angle of 
30, 20 and 14 degrees, respectively. Another two burns were 
made at 4.3 mm anterior to bregma, at a depth of 1.5 and 2.5 
mm. A final single burn was made 1.5 mm below the cortical 
surface 5.3 mm anterior to bregma. All lesions were made 
with an anodal, monopolar Teflon-insulated tungsten elec- 
trode with | mm of insulation removed from the tip. Passage 
of 1.8 mA DC current through this electrode for 30 seconds 
produced a localized lesion without coagulation and current 
spread at the electrode tip. Following the six burns burr 
holes were packed with Gelfoam and the incision closed in 
layers with silk suture. 

Sham lesions were produced in all control rats by opening 
the scalp and drilling burr holes, then closing the incision as 
above. 


EXPERIMENT 1 


Damage anywhere within the mesial prefrontal system 
produces a substantial deficit in conditioned avoidance re- 
sponses (CAR) [1, 31, 42, 50, 54, 56, 77, 78, 79]. The nature 
of this deficit remains uncertain. In one view [81], frontal 
hyperreactivity reduces the ability to maintain an affective or 
fear set, with a consequent slowing of reaction time and 
increase in errors in CAR paradigms. Conversely, other 
authorities suggest that MFC lesions enhance timidity, re- 
sulting in freezing rather than running at conditioned 
stimulus (CS) onset [1, 59, 85, 86]. The first hypothesis 
would predict a lowered incidence of freezing in 
shockboxes, or to CS onset. Conflicting results are re- 
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ported [11, 26, 45, 71, 72, 77, 79, 80]. To evaluate this first 
hypothesis, duration of freezing was assessed post-shock, 
and behavior was recorded in an open field during prolonged 
inter-trial intervals in a l-way CAR task. Latency to emerge 
from a dark box into an illuminated corridor in an environ- 
ment previously associated with shock was also assessed. If, 
on the other hand, MFC lesions enhance timidity, then any 
observed deficits should be proportional to the degree of 
aversiveness inherent in a given situation. To test this hy- 
pothesis, l-way CAR and emergence latency were measured 
under several levels of learned or innate aversion. 


METHOD 
Experiment la: Freezing Duration 


Subjects were 8 MFC and 8 sham-lesioned rats. The 
apparatus consisted of a shock box mounted in a sound- 
proofed isolation chamber. The shock box had a 27x26 cm 
floor of 16 equally-spaced 30 mm diameter stainless steel 
rods, connected to a Grason Stadler shock generator. The 
walls rose 26 cm above the grid floor. Two opposing sides 
and the top of the box were made of clear 64 mm acrylic 
plastic, while the remaining two sides of the box were stain- 
less steel, and were connected to the shock generator. The 
sound-proofed isolation chamber in which the shock box sat 
had internal lighting, an exhaust fan, and a one-way viewing 
port. 

All testing occurred between 8:00 a.m. and 10:00 a.m. 
Testing was done individually in a single daily 15 minute 
session for 11 consecutive days. The first three days allowed 
habituation to the apparatus prior to shock, followed by 
three days of shock and five days of post-shock extinction. 
Each shock session began with five 0.8 mA shocks, each of 4 
sec duration with an inter-shock interval of 30 sec. Following 
shock delivery (or as soon as the subject was placed in the 
apparatus, on non-shock days), behavior was observed and 
recorded for 15 min. Behavior was categorized into five 
types: groom, freeze, rear, locomotor, and stationary body 
movements. Observers scored behavior during 4 sec inter- 
vals on prepared charts. Only one behavior was recorded per 
interval. This behavior was either that which occurred 
throughout the interval, or any behavioral change from the 
previous interval. Two observers collected all data for this 
experiment, and inter-observer reliability was above 0.85 for 
all 5 behavioral categories. The box was washed between 
each session. 


Experiment 1b: Conditioned Avoidance Response 


One-way avoidance was assessed under three conditions. 
In the first condition (CAR 1), subjects were required to run 
from a large open field into a small, dark compartment to 
avoid shock. Long inter-trial intervals (ITI) were used, and 
open-field behavior was recorded throughout these intervals. 
In the second condition (CAR 2), subjects were required to 
avoid shock by running from a small dark box into a large 
open field. In the third task (CAR 3), subjects were exposed 
to a conventional paradigm and apparatus. 

CAR |. Subjects were 16 Long-Evans males, 8 control 
and 8 lesioned. The apparatus consisted of a 70x70 cm 
wooden box, with a base held 15 cm above the floor on four 
legs and walls which rose 65 cm above the shock grid. A 
wooden partition divided the box into two equal com- 
partments. The floor of one compartment was made of cop- 
per rods, 3 mm diameter, spaced 1 mm apart. These were 
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connected to a Grason-Stadler shock generator. Beneath 
these rods were wooden strips which marked the compart- 
ment off into six 23x17 cm squares, in a 2x3 array. These 
were used to record activity. The floor of the neighboring 
compartment was thin plywood. In the center of the vertical 
partition separating the two compartments was an 8 cm 
square doorway, the bottom flush with the plywood floor. A 
spring-loaded guillotine door prevented passage between 
compartments during the ITI, and opened coincident with 
CS onset into a small (25x10x10 cm) compartment. A 
photocell beam was located half-way between the door and 
the end of this compartment. The entire apparatus was 
painted a flat grey. 

Subjects were given ten trials daily over four consecutive 
days in this device. Each trial was initiated by CS onset (80 
dB doorbell), followed five seconds later (in the absence of 
an avoidance response) by UCS onset (0.8 mA shock). Entry 
into the safe box broke the light beam, automatically ter- 
minating the CS, terminating or preventing the UCS, and 
stopping the timer. Subjects were allowed a 30-second re- 
covery period, after which they were removed from the box 
and placed back in the open field, with the guillotine door 
closed. The duration of the ITI in the open field was varied in 
a semi-random sequence, with a mean of three minutes, and 
a range of one to five minutes. During this ITI, behavior in 
the shock side of the compartment was recorded in five- 
second epochs, using standard observational techniques. In 
addition to recording location of the subject by square, the 
observer recorded the direction of head orientation and the 
behavior of the subject. Behavior was divided into six 
mutually exclusive categories: freezing, grooming, rearing, 
locomotion, stationary movement, and digging at the shock 
grid. Between-observer reliability was greater than 0.75 for 
all categories. 

CAR 2. Subjects were 11 brain-damaged rats and 8 
sham-operated controls. Prior to CAR testing, all subjects 
were tested either in the open field, or on hoarding and bur- 
rowing tasks. CAR testing began at 18 to 21 postoperative 
days. The apparatus was that described for CAR 1, with the 
following modifications: (1) A wooden box painted black on 
the inside with no floor and a door on top was dropped onto 
the shock grid. Inside dimensions of this box were 35 cm 
long x 15cm wide x 15 cm high. One side fitted flush around 
the doorway in the partition. This arrangement precluded 
observation of behavior during the ITI. (2) The small box on 
the other side of the partition was removed, converting this 
side into an open field. Procedure was similar to that in CAR 
1. Subjects received ten trials daily for four consecutive 
days. CS-UCS interval, ITI intervals, and shock parameters 
were identical. Subjects were given 30 seconds before being 
replaced on the shock side of the apparatus. 

CAR 3. Subjects were 9 pairs of rats. All subjects had 
postoperative testing in an open field, and almost half re- 
ceived hoarding and burrowing experience prior to CAR test- 
ing. Hence testing began between the 17th and 24th postop- 
erative day. The apparatus was an enclosed alley 60 cm long, 
26 cm wide, and 38 cm high. The floor was made of 6 mm 
stainless steel tubes, with 15 mm spacing. Both sides and one 
end of the alley were lined with sheet metal. The top of the 
box and the other end consisted of a transparent acrylic 
plastic sheet. The box was divided into two equal com- 
partments by a clear sliding acrylic divider set into the top. 
The compartment in which shock was delivered was covered 
with black construction paper on both side walls and the end 
wall. The ‘‘safe’’ compartment had a clear acrylic pane at the 
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end and bare metal on the walls. It was consequently consid- 
erably brighter than the shock compartment. 

The CS and CS-UCS interval and shock parameters were 
the same as in the earlier experiments. A constant ITI of 30 
sec was used. Subjects were run until criterion (10 consecu- 
tive avoidance responses) was achieved, or for a maximum 
of 50 trials/day. No subject required more than two days to 
reach criterion. Prior to initial CAR testing, side preferences 
were assessed for all subjects. Subjects were placed in each 
compartment five times, and crossings to the opposite side 
were recorded within each of ten 20-second intervals. 


Experiment Ic: Emergence Latency 


The apparatus consisted of a low wooden box, divided 
into two equal 60x 26x 16 cm compartments by a common 13 
cm alley running the length of the box. The walls of the 
apparatus were made of 1.8 cm plywood throughout. One 
compartment had a solid wooden roof and was painted black 
on the inside. The walls of the other compartment and the 
alley were painted white, and were covered with wire mesh. 
Both compartments had manually operated guillotine doors, 
10x 16 cm, set at either end of the common alley. For testing, 
each subject was first placed in the alley with both doors at 
the far end open, one leading into the bright open field, the 
other into the dark covered box. When the subject entered 
the dark box, the experimenter closed this door, opened the 
door at the opposite end of the dark chamber, and activated 
the timing clock. The dependent variable was time from this 
entrance to first emergence from the box back into the alley. 
Emergence was defined as moving far enough into the alley 
to permit closing the door without catching any body part. 
Subjects were given a single 30 min trial. If a subject did not 
emerge during the thirty min, he was given a score of 1,800 
sec. 

Emergence |. High fear and novelty. This experiment 
used ten pairs of matched male rats. All subjects had previ- 
ously participated in several tasks, culminating in a CAR 
task. This last involved transport in a carrying cage to the 
testing room. One to two weeks following exposure to elec- 
troshock, subjects were returned to this room for emergence 
testing. 

Emergence 2. Moderate fear, low novelty. Subjects were 
ten matched pairs of male rats. Testing was in the home 
room, on a table approximately one meter from the home 
cage, in an apparatus in which all subjects had spent 30 min 
prior to surgery. 

Emergence 3. Moderate fear, high novelty. A total of 
17 pairs of rats were tested under this condition. Seven lit- 
termate pairs had extensive exposure to other, non-aversive 
tests prior to the emergence task; the remaining ten pairs had 
no prior test experience. All subjects were tested in their 
home room, without previous exposure to the test situation. 


RESULTS 
Histology 


Lesion verification is presented for 19 rats. Following be- 
havioral testing, all 19 subjects and 16 littermate controls 
were sacrificed by decapitation following an overdose of 
sodium pentobarbitol. The brains were removed, weighed, 
and then placed in a 10% formalin solution in physiological 
saline. One month later the brains were reweighed, frontal 
poles were severed at the optic chiasm, and the remainder of 
the brain was dissected into cerebellum, hippocampus, 
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FIG. 1. Mesial prefrontal lesions. Shown are consecutive coronal 
sections of a representative brain lesion (A), and saggital recon- 
structions of large, medium and small lesions (B), drawn from the 
cytoarchitectonic map of Krettek and Price [38]. 


neocortex excluding the frontal pole, and remainder. The 
frontal poles were embedded in egg yolk and 25 ym sections 
were taken at 150 um intervals, mounted and stained with 
Cresyl-echt violet. Tracings were then made of each section 
and used to make saggital reconstructions of every lesion. 
No difference was found in fresh weight of MFC and control 
brains, or in the weight of any brain component after fixa- 
tion, even the frontal poles (mean weights for frontal poles 
were 350+51 mg for MFC, 364+55 mg for controls). His- 
tological reconstruction (Fig. 1) showed that mean lesion 
distance from genu of corpus callosum was 0.8 mm, with 
mean lesion extent in the AP plane being 2.14+0.58 mm. In 
all cases this technique avoided damage to saggital sinus and 
underlying structures including septum, caudate nucleus and 
olfactory tracts. Comparison of lesion locus to the cytoar- 
chitectonic map of Krettek and Price [38] indicated that le- 
sions were centered on area PL, with varying involvement of 
the more dorsal ACd, little infringement on ACv, and almost 
none on IL (Fig. 1B). 


Experiment la: Freezing Duration 


In the small, familiar but aversive test cage, the great 
majority of the behavior was either freezing or grooming. 
Figure 2 shows that there were no differences between 
groups in total within-trial duration of freezing or grooming. 
Habituation rates of freezing and grooming also were highly 
similar, both within and across trials. These results do not 
suggest a lesser ability to maintain a fear state in the brain- 
damaged rats. The data are more equivocal regarding en- 
hanced fearfulness in such subjects. It is possible that the 
high aversion caused by the electroshock, coupled with the 
smallness of the cage, resulted in a ceiling effect on freezing 
in both groups. 
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FIG. 2. Duration of freezing and grooming prior to, during, and after 
electroshock. Daily sessions were 15 minutes long. There were no 
group differences on any measure or day. (A) Total freezing duration. 
(B) Total grooming duration. 


Experiment 1b: Conditioned Avoidance Response 


Total error scores (failures to avoid) attained by MFC 
subjects and sham-operated controls in all three experiments 
are illustrated in Fig. 3. It will be noted that CAR 1, crossing 
from an open field into an enclosed box, was accomplished 
easily by both groups, with no group differences. Conversely, 
in CAR 2, running from an enclosed space into an open field to 
avoid shock was much more difficult for both groups, and 
here MFC subjects received significantly more shocks than 
did controls (two-tailed p<0.02, Mann-Whitney). During the 
preliminary preference test prior to CAR 3, both groups 
crossed from the light to the dark compartment significantly 
more frequently than they went in the opposite direction 
(two-tailed p<0.05 and 0.02 for MFC and sham respectively, 
Wilcoxon T). Hence the darker of the two compartments 
was clearly preferred by both groups. On the standard 
paradigm (CAR 3), MFC subjects required significantly more 
trials to achieve criterion (49.7 for MFC, 15.7 for controls, 
two-tailed p<0.01, Mann-Whitney), and received a corre- 
spondingly greater number of shocks in the process (two- 
tailed p<0.01, Mann-Whitney). 

Since a standard paradigm was not used throughout all 
three experiments, it is difficult to compare error scores. 
When a standard 2 conditions by 2 lesions ANOVA was 
performed on the error scores for CAR 1 and CAR 2 
alone, main effects of lesions and conditions were both 
significant (Conditions: F(1,31)=64.48, p<0.0001; Lesions: 
F(1,31)=6.63, p<0.02), while the interaction term just barely 
missed significance, F(1,31)=3.35, p<0.055. A _ similar 
analysis was conducted over all three conditions using errors 
per trial as the dependent variable. The outcome of this 
analysis was similar. Lesion and conditions main effects 
were both highly significant (Conditions: F(2,47)=43.16, 
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FIG. 3. One-way conditioned avoidance. Three experiments are 
shown. CAR 1 involved running from a large, bright space into a 
small, dark box. There were no group differences. CAR 2 required 
animals to run in the opposite direction, from a small, dark box into 
an open field. CAR 3 was the standard 1-way paradigm, involving 
running from the dim to the bright side of the alley. MFC rats per- 
formed more poorly than shams on CAR 2 and 3. Error bars +1 
standard error (*: p<0.05; **:p<0.01). 


p<0.0001; Lesions: F(1,47)=12.47, p<0.001), while the in- 
teraction term also achieved significance, F(2,47)=3.35, 
p<0.05. Finally, despite an exhaustive analysis of the ex- 
tensive behavioral data collected during the ITI interval on 
CAR 1, no between-groups differences were found in the 
observational data. Rats from both groups spent over 70% of 
their time crouched in front of the doorway, ready to jump 
through the moment the door opened. 


Experiment Ic: Emergence Latency 


Under high fear, high novelty conditions no MFC subject 
emerged (Fig. 4), producing a highly significant difference 
between groups (p<0.01, Fisher’s exact probability test). A 
similar difference between groups was found in the moderate 
fear, high novelty condition (Emergence 3—p<0.05, Wil- 
coxon T). In contrast, when novelty was low and fear mod- 
erate, there was no difference between groups. After correct- 
ing for inhomogeneity of variance, lesions, testing conditions 
and their interaction were all significant, F(2,34)=6.26, 
p<0.01 for conditions; F(1,34)=8.05, p<0.01 for lesions; 
F(2,34)=4.11. p<0.05 for their interaction. 

As Fig. 4 shows, MFC emergence latency differed ac- 
cording to the aversiveness of the general surroundings, but 
did not change with alterations in novelty of the test appara- 
tus. This indicates that MFC performance was governed 
primarily by responses to aversive stimuli. In contrast, 
sham-operated animals emerged more rapidly than MFC 
subjects whenever novelty was high, irrespective of the 
aversiveness of the test situation. Thus behavior of the control 
rats appeared to be a combination of aversion and explora- 
tion/curiosity, with a highly novel environment eliciting early 
emergence even under the aversive circumstances of the first 
emergence task. 


DISCUSSION 


MFC rats appeared to be more timid than controls, in that 
they were significantly slower to enter a novel open field, 
even under threat of electroshock. However, this increased 


LATENCY (seconds) 





MOD FEAR 
HIGH 
NOVELTY 


HIGH FEAR MOD FEAR 
HIGH Low 
NOVELTY NOVELTY 


FIG. 4. Emergence latency. Three experimental conditions are rep- 
resented: (1) High fear and novelty—subjects were run in an un- 
familiar apparatus, in a room previously associated with elec- 
troshock. Group differences were highly significant. (2) Moderate 
fear, low novelty—subjects were tested in their home vivarium in a 
familiar apparatus. There were no group differences. (3) Moderate 
fear, high novelty—subjects were tested in an unfamiliar apparatus, 
but in familiar surroundings. Group differences were significant. 
Error bars depict +1 standard error. 


timidity was situation-specific. It was not seen on emergence 
into the open field under conditions of moderate fear and low 
apparatus novelty, nor was it seen when subjects could es- 
cape from an inherently aversive open field into a ‘‘safe”’ 
enclosed chamber. While MFC rats were not impaired in 
their ability to manifest prolonged timidity under the condi- 
tions of these experiments, neither were they rendered 
chronically fearful by these lesions. Rather, MFC damage 
appeared to cause at least a uni-, and perhaps a bi-polar 
increase in reactivity to stimuli. These results are in agree- 
ment with a series of studies conducted on MFC hyperreac- 
tivity [43,44], in which MFC lesions caused situation-specific 
activity changes but not a general, non-specific increase in 
activity rates. Similarly, MFC lesions apparently cause af- 
fective hyperreactivity to aversive stimuli, whether the 
aversion is innate or learned. However, no alteration is seen 
in basal levels of affect. 


EXPERIMENT 2 


MFC lesions disrupt a variety of species-specific complex 
behaviors in rats, including hoarding [33, 37, 54, 67, 68], 
maternal care [65, 69, 84] and nest building [29]. Some have 
concluded that this impaired ability to accomplish elaborate 
behavioral sequences is comparable to the ‘‘planning”’ defi- 
cits seen in prefrontal humans [53], and have suggested that 
prefrontal damage creates an attentional deficit which is the 
primary functional effect of this lesion [24,46]. Since the 
prior experiment linked CAR deficits to enhanced timidity 
rather than inattention or hyperactivity, it was important to 
determine if more complex, species specific behaviors in 
MFC rats were truly disrupted by attentional/intentional 
deficits, or whether these behaviors too were impaired by a 
lesion-induced increase in timidity. Two behaviors, hoarding 
and burrowing, were chosen for evaluation. Hoarding was 
included because MFC lesions are known to have 
pronounced effect on this behavior. Burrowing was chosen 
because it is among the most complex behavioral patterns in 
the rat’s repertory [10, 15, 20]. 
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FIG. 5. Hoarding: total pellets hoarded and alley crossings. Data 


pooled over all 3 days. (A) Pellets hoarded. (B) Alley crossings. 
Error bars delimit +1 standard error. 


METHOD 
Experiment 2a: Hoarding 


The apparatus consisted of a dark, 1 cm thick plywood 
home box 45x47x25 cm, opening onto a runway which led 
to standard laboratory food pellets. Centered on one 47 cm 
side of this box was an opening 15 cm on a side, set 6 cm 
above floor level. This doorway allowed access to a long, 
slightly elevated alley whose floor consisted of 9 mm dia. 
stainless steel tubing. This floor, like the doorway, was 6 cm 
above the floor level of the home box. The sides, top and end 
were made of transparent acrylic plastic sheets. At the far 
end of the runway, a 20 cm square plywood platform was 
placed atop the grid. Food pellets were placed on this plat- 
form. Photocells were located in the center of the home box, 
at the doorway of the homebox, and at the edge of the food 
platform. Each photocell was linked to a counter and to a 
recording pen on an 8-channel Recordak®, permitting a 
minute-by-minute, permanent record of movement in the 
apparatus, as well as 24-hour counter totals from each 
photocell. 

Two sets of apparatus were always in use simultaneously, 
with an MFC subject in one and his sham-operated pairmate 
in the other. All subjects were food-deprived for 24 hours 
before being introduced into the home box at 9:00 a.m. on 
day 1. Thirty pellets of lab chow were placed on the plat- 
form. The experimenter entered the room once daily, at 9:00 
a.m. Counter readings and pellet removals were recorded. 
All pellets were removed from the nestbox, and 30 fresh 
pellets were placed on the platform. Subjects spent 72 hours 
in the apparatus. Water was available at all times in the home 
box. 

Ten pairs of MFC/sham rats were exposed to one each of 
two lighting conditions in this apparatus. For one group the 
runway was constantly illuminated (the high-aversion condi- 
tion), requiring subjects to leave the dark nest-box and cross 
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FIG. 6. Hoarding: crossings per cluster and latencies. (A) Mean 
crossing per cluster, where a cluster was defined as more than three 
crossings within less than four minutes. (B) Mean latency to first 
crossing. All data were pooled over 3 days. Error bars are +1 stand- 
ard error. 


the lighted alley to get food. For the second group a large, 
light-tight box was dropped over the runway, allowing sub- 
jects to hoard without exposing themselves to light. 


Experiment 2b: Burrowing 


Eleven pairs of rats (sham and MFC) were tested in two 
conditions, (burrow to escape an open field, and enter an 
open field to burrow). Two boxes, 56x 56x25 cm/box, were 
filled to 6 cm of the top with a mixture of equal parts of loose 
dirt and peat moss. A plywood sheet with the same inside 
dimensions as the box was then dropped onto the surface of 
the dirt, and bolted securely to fittings in the four corners. A 
6 cm dia. hole in the center of this covering sheet of plywood 
allowed access to the underlying dirt. Under one condition, 
entering an open field to burrow, the boxes were fitted with a 
solid lid. This lid had a 20 cm diameter hole cut in the center, 
which was covered with wide-mesh wire. Subjects had the 
option of remaining in the dark corners of the burrows, or 
venturing into the lighted area to burrow. Under the second 
condition, burrowing to escape an open field, the solid lid 
was replaced with a frame covered with wide-mesh wire. 
Hence all areas of the box were exposed, and burrowing was 
required to escape the light. In both conditions the boxes 
were under 24-hour illumination, with food and water avail- 
able ad lib. 

The same procedure was used for all subjects under both 
conditions. Subjects were in the burrowing box for seven 
consecutive days. Burrowing necessitated throwing the ex- 
cavated dirt onto the flat surface of the plywood cover. 
Every morning the volume of dirt excavated in the previous 
24 hours was measured by the experimenter, the plywood 
cover and the rat were removed, the excavation was filled in, 
and cover and rat were replaced. The dirt was moistened 
periodically, ensuring that burrows were not subject to ex- 
cessive crumbling. 
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FIG. 7. Burrowing. Two conditions are shown. In the first, subjects 
had to enter an open field to burrow. In the second, they had to 
burrow to escape an open field. Group differences were significant 
only in the first situation. Error bars are +1 standard error. 


RESULTS 
Experiment 2a: Hoarding 


There were no significant group by days interactions in 
any recorded measures. Accordingly all data were pooled 
over the three daily sessions. In the dark, both groups 
hoarded precisely the same number of pellets (Fig. 5A). In 
the light, on the other hand, all sham-lesioned subjects 


hoarded virtually all 30 pellets over all three sessions, while 


only three of ten controls did so (two-tailed p<0.02, Wilcox- 
on T test). All subjects crossed to the platform more frequently 
than they hoarded, but crossings were highly correlated with 
hoarding. As Fig. 5B shows, total alley crossings were al- 
most identical across groups in the dark, but MFC rats 
crossed fewer times than controls in the light. The ANOVA 
showed that a main effect of lesions and the lesion by condi- 
tions interaction were both significant, F(1,28)=9.46, p<0.01 
for lesion, F(1,28)=7.71, p<0.01 for the interaction, but the 
main effect of testing conditions was not. 

Runway crossings typically occurred in short bursts or 
clusters, often comprising 50 or more actual crossings from 
the home box to the platform and back into the home box. A 
cluster of crossings was accordingly defined as a set of more 
than three consecutive crossings, none more than four min- 
utes apart. Control subjects made more crossings per cluster 
than did MFC rats (Fig. 6A) only under the light condition 
(two-tailed p<0.05, Wilcoxon T). However, there was a 
trend in the same direction, even in the dark. Consequently 
the ANOVA on these data found only a significant main 
effect of MFC lesions, F(1,28)=11.92, p<0.01. 

There was a strong trend towards greater MFC latencies 
to first crossing under the illuminated condition (Fig. 6B). 
Nine of 10 pairs showed a difference in this direction, but the 
tenth pair showed such a large difference in the opposite 
direction that the comparison reached significance only for a 
one-tailed test (T=9, N=10 pairs, p<0.05, Wilcoxon). When 
latencies for individual days were compared, only day three 
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showed a significant group difference (nine of nine pairs 
showed this difference, T=0, two-tailed p<0.01). Analysis of 
variance revealed that only the conditions effect reached 
significance, F(1,28)=14.4, p<0.01. This finding demon- 
strates that the lighted runway was more aversive than the 
dark for both groups. It also suggests that this aversion was 
higher for MFC than sham subjects. Finally, there were no 
home-cage activity differences between groups, within or 
across days. 


Experiment 2b: Burrowing 


There were no significant days by lesions interactions. 
Data for all seven days were thus combined into a single 
digging score, measured in total liters of dirt excavated over 
the course of the week spent in the burrowing box. Figure 7 
shows that when subjects had to enter a lighted area in order 
to burrow, MFC rats excavated much less than sham con- 
trols (10 of 11 pairs showed a difference in this direction, 
T=3, two-tailed p<0.01, Wilcoxon T). When required to 
burrow in order to escape the open field, both groups dug 
significantly more, and there was not a group difference. 
Data were converted to a z-scores within conditions, to cor- 
rect for scaling differences between conditions. Analysis of 
the converted scores showed that the main effect of lesions 
was significant, F(1,20)=6.84, p<0.02, and the conditions by 
lesions effect was marginally significant, F(1,20)=4.25, 
p=0.053. 


DISCUSSION 


Early studies of hoarding in rats have demonstrated that 
this behavior is inversely related to timidity [7,30]. It is 
presumably this relationship that has made this paradigm so 
sensitive to the effect of MFC lesions. Only in the more 
aversive lighted condition were MFC subjects found to 
hoard less, emerge less frequently, and tend to take longer to 
emerge for the first time. In contrast, the behavior of the two 
groups was all but identical in the dark condition. This result 
supports the contention that MFC lesions enhance timidity 
in rodents. An interesting aspect of these findings relates to 
the motor hyperactivity often displayed by MFC rats. The 
marked reluctance of MFC subjects to enter the light in Ex- 
periment 2a resulted in hypoactivity in these subjects. This 
finding supports the contention the MFC lesions produce a 
bipolar hyperreactivity in mammals, not a simple unipolar 
increase in motor activity [43,44]. 

The results of the burrowing experiment further indicated 
that MFC rats are capable of complex behavior under appro- 
priate motivation. When required to escape an open field, 
MFC subjects performed very well indeed, but were reluc- 
tant to dig when this required entering an illuminated area 
from a darker region of the box. The weakness of the in- 
teraction effect may have been due to the same phenom- 
enon. MFC rats dug slightly less (10%) than controls to es- 
cape the open field, but such digging does require repeatedly 
leaving the burrow to get rid of the excavated dirt, and MFC 
rats may have been more reluctant to do so. 


GENERAL DISCUSSION 


These results cast new light upon the prefrontal syndrome 
and a variety of component behavioral deficits. There was no 
indication of MFC motor hyperactivity in the freezing, CAR, 
hoarding, and emergence experiments. To the contrary, 
MFC subjects appeared exceptionally reluctant to enter 
lighted areas to hoard, burrow or explore, resulting in a form 
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of hypoactivity. These experiments also provided no indica- 
tion of any primary slowing of hab — tion, or of severe 
learning deficits in MFC rats. Further, MFC subjects were 
not found to have any primary attentional deficits, in the 
sense of being unable to ‘‘hold”’ a plan, set or intention. Not 
only did lesioned rats hold a prolonged freeze, under appro- 
priate circumstances they accomplished the complex behav- 
ioral programs involved in hoarding and burrowing. 

Thus, these experiments provide no support for a variety 
of models of the MFC syndrome. Subjects did not evidence 
primary loss of memory, inhibition, or attention. Most im- 
portant, MFC-damaged rats were capable of maintaining 
prolonged behavioral manifestations of fear. Indeed, they 
gave every evidence of enhanced avoidance of aversive 
stimuli, a behavioral syndrome herein referred to as timidity. 
This enhanced timidity was revealed clearly in the CAR, 
hoarding, burrowing and emergence experiments, and was 
hinted at by the results of the freezing experiment. It is im- 
portant to note that this timidity did not involve a chronic 
heightening of negative affect, regardless of circumstance. 
As the emergence experiments showed, timidity was situa- 
tion-specific. Under high aversion, based on previous expe- 
rience, MFC rats are reluctant to enter a lighted area. The 
heightened aversion to open spaces also slowed MFC 
emergence even without negative prior experience, but when 
the apparatus was familiar and not linked to previous elec- 
troshock, MFC performance could not be distinguished from 
that of controls. Hence we conclude that MFC lesion effects 
upon both activity and timidity can best be described as 
hyperreactivity. 
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The bi-polar nature of this hyperreactivity also rules out 
explanation of these results in terms of the dulling and inertia 
sometimes produced by prefrontal damage in humans [22]. 
Thus, despite hypoactivity under conditions associated with 
electroshock, MFC rats avoided shock when escaping from 
an open field into a dark box as promptly as did controls. 
These subjects were also able to excavate truly remarkable 
amounts of dirt when burrow construction permitted escape 
from an open field. These findings, taken together with nor- 
mal emergence latencies and hoarding under low aversion, 
do not suggest that brain damage had produced any signifi- 
cant degree of chronic behavioral depression. 

However, it is conceivable that MFC lesions produce 
some form of photophobia, and not a global affective hyper- 
reactivity. With the exception of freezing, all of these exper- 
iments involved an aversion to entering lighted areas. Sup- 
port for this possibility may come from the close relationship 
between MFC and the bordering frontal eyefields [18,41]. 
Further research is needed to determine whether these find- 
ings can be extended to circumstances which do not involve 
an aversion to brightly-illuminated spaces. 
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HOLSON, R. R. AND C. WALKER. Mesial prefrontal cortical lesions and timidity in rats. II. Reactivity to novel stimuli. 
PHYSIOL BEHAV 37(2) 231-238, 1986.—An earlier set of experiments suggested that mesial prefrontal cortical (MFC) 
lesions in rats enhanced timidity. It was uncertain whether this increased timidity was a general phenomenon, or was 
restricted to fear of bright, open spaces. The experiments reported here measured behavioral reactivity to a variety of 
stimuli, under situations where light/dark differences were minimized. It was found that MFC rats were slowed in leaving 
an open field to enter a small box. In the open field, MFC subjects showed signs of enhanced reactivity, but only when the 
field was novel and the subjects unhandled. When allowed to choose between four alleys containing varying stimuli, 
brain-damaged rats avoided novel objects and complex stimuli, but spent more time than controls in contact with other rats 
in the apparatus. In a test of food neophobia, MFC subjects were not neophobic in a familiar test environment, but did 
avoid the experimenter more than controls. Finally, duration of barbiturate anesthesia was shortened by MFC lesions, but 
only under conditions of high novelty. It is concluded that MFC lesions produce a timidity which is not restricted to 


photophobia. 
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THE first article in this series demonstrated that mesial pre- 
frontal cortical (MFC) lesions in rats enhanced avoidance of 
brightly illuminated areas [18]. This syndrome was labelled 
timidity, a term defined operationally as an enhanced behav- 
ioral reactivity to aversive stimuli. This earlier series of ex- 
periments did not indicate whether this timidity was limited 
to fear of lighted spaces (and hence was a primary photo- 
phobia), or was a more general increase in reactivity to all forms 
of aversive stimuli. The six experiments reported here were 
designed to address this question. MFC and control subjects 
were exposed to a variety of stimuli, in situations which 
varied in novelty. Behavioral responses were recorded by 
observers, which necessitated conducting these experiments 
in the light. Consequently the results indicate the degree to 
which MFC timidity is restricted to fear of light. They are 
silent as to whether MFC timidity exists only in light. 


GENERAL METHOD 


All subjects were adult, male Long-Evans hooded rats. 
Handling or gentling of subjects was avoided, except as an 
experimental condition. In consequence these rats were 
highly reactive to novel or aversive stimuli, humans in- 
cluded, even prior to brain damage. In all experiments a 
matched-pairs design was utilized. Subjects were weaned at 





postnatal day (PND) 24, at which time they were placed in 
same sex group ages. Around PND 80, pairs were drawn 
from the same group cage, matched on weight, and placed in 
isolation caging. Surgery was done around PND 120, on the 
same day for MFC and sham-lesioned pair mates. Testing 
was done on the same day, consecutively, for all matched 
pairs. 

The lesion procedure has been described previously [18]. 
Briefly, electrolytic lesions were placed stereotactically in 
the mesial frontal cortex. Electrodes approached the frontal 
midline dorsally, at an angle from the vertical, in order to 
avoid the saggital sinus and the ‘‘shoulder’’ cortex [26], an 
area homologous to primate frontal eyefields. The resulting 
lesions also spared the olfactory region ventrally, the septal 
area posteriorly, and the head of the caudate. Microphoto- 
graphs of a representative lesion are given in Fig. 1. Controls 
received sham lesions. Both groups were given ten days re- 
covery prior to testing. 


EXPERIMENT |! 


Levine [27] developed a series of simple tests for timidity 
which could be conducted in the home cage. These involved 
measuring latency to drink from a novel water bottle after 24 
hours water deprivation, and latency to place the head and 


‘Requests for reprints should be addressed to R. Holson, Division of Reproductive and Developmental Toxicology, National Center for 


Toxicological Research, Jefferson, AR 72190. 
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FIG. 1. Brain lesion. A representative coronal section of the prefrontal region. The section is 
approximately 4 mm anterior to bregma. Magnification 2.5 times. 


TABLE 1 
LATENCY TO DRINK IN OR EMERGE FROM THE HOME CAGE 





MFC SHAM 





Latency to First Drink 
(+ SEM) 
(seconds) 
Latency to Emerge 
(+ SEM) 
(seconds) 


183.6 + 47.5 323.9 + 50.7 


109.8 + 23.4 156.0 + 21.6 





forepaws on the edge of the cage after it was partly opened. 
Under such circumstances the more timid unhandled rats 
were slower to drink, and to attempt to leave the cage. 

These tests were applied to clarify aspects of MFC timid- 
ity. The home cage is the least novel or aversive environ- 
ment. If, as indicated by earlier findings, MFC timidity is 
seen only in fear-provoking environments, then there should 
be no lesion-related differences in these tests. Indeed, if 
MFC timidity is truly a form of emotional hyperreactivity, 
one might expect the opposite outcome: under situations 
very low in threat, such as those above, MFC rats might 
show less than normal timidity, not unlike lobotomized hu- 
mans. 


METHOD 


Subjects were 19 pairs of male Long-Evans rats. All sub- 
jects were housed individually in hanging metal cages, with a 
wire mesh front and solid sides and backs. The top of these 
cages was open, but fitted against the solid underside of the 
rack from which the cage was suspended. On the 11th day 
after surgery, water bottles were removed from cages at be- 


tween 1:00 and 2:00 p.m. Twenty-four hours later, water in 
novel graduated cylinders was attached to the mesh front of 
the cage. Latency to first drink and total amount drunk in a 
single 10 minute period was recorded by an experimenter 
standing at the front of the cage. Twenty-four hours later, the 
cages were pulled partly away from the rack, leaving a 10 
centimeter gap between the rack and the front of the cage. 
An observer standing in front of the cage recorded latency to 
place the head and both paws above the open top perimeter 
of the cage. 


RESULTS 


Table 1 gives mean latency to drink and to emerge. 
Throughout this experiment there was a tendency for MFC 
subjects to drink earlier and more than their matched con- 
trols, and also to emerge from the home cage sooner than 
controls. While this trend never reached traditional levels of 
significance, it provided no evidence for increased MFC 
timidity in the home cage environment. 


EXPERIMENT 2 


Open field behavior has been used widely as an index of 
emotionally [14,43]. Of the myriad variants on this technique, 
Denenberg and Smith’s [4] was chosen for use here. This 
quick, simple technique places rats in an open field for three 
minutes daily, typically over four consecutive days. The 
technique has been validated as a measure of emotionality 
using a factor analysis [45]. It was found that timid rats were 
hyperactive on the first day, but became hypoactive thereaf- 
ter. The following set of experiments applied this technique 
to a study of open field activity in rats, under conditions of 
varying familiarity. 


METHOD 


Apparatus and procedure throughout the three experi- 
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FIG. 2. Activity in a novel field, unhandled rats. Subjects (N=19) 
were placed in a novel open field 3 minutes daily over 3 consecutive 
days. The lesions by days interaction was significant. Error bars are 
+1 standard error. 


ments described here were patterned after those reported by 
Denenberg and Smith [4]. The open field consisted of a 6 mm 
pressed wood floor, 114 114 cm, surrounded by 41 cm high 
walls. The apparatus was painted dark blue on all interior 
surfaces. A 5x5 grid was painted on the floor of the field, 
dividing it into 25 equal 22.8 22.8 cm squares. Each square 
was numbered, from 1 to 25. Subjects were placed in one 
corner of the apparatus, and behavior was observed over a 
three-minute session daily for three consecutive days. The 
experimenter sat next to the initial entry corner of the appa- 
ratus, and was in full view of the subject. Behavioral records 
were kept in five-second epochs, with data being limited to 
the number and identity of square entries within that period. 
Total defecations were also recorded daily. Testing was al- 
ways conducted in the home room. 


Experiment 2a. Novel Field, No Handling 


Subjects were the same 19 matched pairs of male Long 
Evans rats used in Experiment 1. Subjects had been tested 
only for latency to drink in the home cage prior to open field 
exposure. They were thus experimentally naive, and the 
field was novel. 


Experiment 2b. Novel Field, Prior Handling 


Subjects were 7 pairs of male Long-Evans littermates. 
Prior to open field testing, all had spent one week in each of 
the hoarding and burrowing tasks [18]. They had accordingly 
been subjected to daily capture and handling and exposed to 
more complex environmental conditions. The open field 
apparatus was novel. 


Experiment 2c. Familiar Field, Prior Handling 


Subjects were 10 pairs of littermates, further matched on 
open field and emergence behavior pre-operatively. Thus, 
the animals had been handled and the apparatus was famil- 
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FIG. 3. Open field activity. Three minutes daily, over 3 consecutive 
days. Two conditions are shown: (A) Novel field, but subjects had 
extensive prior handling. (B) Familiar field, little prior handling. In 
neither case were group differences significant. 


iar. Following surgery and the ten-day recovery period, sub- 
jects were tested on a single emergency trial before the open 
field test. 


RESULTS 


Open field activity of the unhandled MFC rats declined 
over days more rapidly than did control activity in a novel 
field. As seen in Fig. 2, this was due to strong trends toward 
higher MFC activity on day 1, declining to below control 
rates by day 3. Variance analysis showed a significant effect 
for days, F(2,36)=15.57, p<0.001, and the lesions x days 
interaction, F(2,36)=5.37, p<0.01, but not for lesions them- 
selves, F(1,18)=0.29, p>0.5. 

There were no group differences seen under the less 
aversive circumstances of experimental conditions 2b and 2c 
(Fig. 3). Even within-subjects comparisons between pre- and 
post-operative open field activity in Experiment 2c failed to 
reveal any effects of lesions. Further, there were no group 
differences in defecation, latency to first square entry, mid- 
field entries, activity change over time within sessions, loca- 
tion within the field, or pattern of movements in any of the 
three conditions. Finally, no significant correlation was 
found between activity levels and defecation during open 
field testing under any condition. 


DISCUSSION 


Under the conditions in Experiment 2a, MFC rats tended 
to be more active than controls on day 1, but less active by 
day three. Both changes can be taken as evidence for MFC 
hyperreactivity to conditions which are fear-provoking. This 
hyperreactivity, and its relation to emotionality, is also sup- 
ported by the fact that it was evident only when unhandled 
rats were placed in a novel environment. 

These results are in good agreement with the other find- 
ings. MFC lesions in rats have been shown to produce reli- 
able increases in open field activity in food deprived rats 
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[21,28], or in rats treated with amphetamines [10, 11, 29, 30]. 
However, over-all increases in activity under more normal 
testing circumstances have not been reported [1, 2, 3, 12, 23, 
29]. Rather, MFC rats have been found to be hyperreactive 
for a brief period upon introduction into a novel field [16, 17, 
19, 20, 21]. These changes are subtle, and as seen here, may 
only be evident as differences in distribution of activity, 
within [22] or between sessions [16]. Finally, increased MFC 
defecation was not found under these circumstances [16, 17, 
21). 


EXPERIMENT 3 


Vanderwolf [42] placed rats with large lesions in the 
dorso-medial nucleus (DMN) of the thalamus on a small plat- 
form three inches from a familiar table top. He found that the 
DMN animals took longer to cross over to the larger table 
top than did controls, under a variety of circumstances. 
Vanderwolf has attributed this phenomenon and the DMN 
avoidance response deficit to impaired movement initiation 
[38-42]. An alternative hypothesis is that damage to the pre- 
frontal system increases timidity, resulting in a general in- 
crease in hesitancy and momentary freezing. 

Prefrontal damage in rats enhances acoustic startle [15] 
and also increases running times in straight alleys for food or 
water reward [7, 9, 13, 47]. Such slowing of runway response 
has not been found in DMN rats [31,41], but the topic has not 
been adequately explored. Lesions in MFC, the projection 
field of the DMN, may also produce a rather general slowing 
of approach, especially in situations of high novelty, aver- 
sion, or perhaps (as in most runway situations) when capture 
and handling are associated with the goal box. Since in- 
creased latency in such situations normally does not require 
moving from dark into lighted areas, the phenomenon could 
piovide a convenient means of assessing MFC timidity under 
constant lighting. 


METHOD 


Two sets of ten matched pairs of male Long-Evans rats 
were used in these experiments. Testing for latency to leave 
the open field began immediately after a ten-day recovery 
period following surgery. In Experiment 3a, subjects had 
been previously tested on the stimulus circus (Experiment 4), 
and were transported in a metal carrying cage to the test area, 
some distance from the home room. The open field was 150 
cm long, 85 cm high, and 150 cm above floor level. This 
elevated surface was covered with butcher’s paper, and the 
experimenter sat in front of the mid-portion of the long side of 
the field. In the far-right corner of the field, as seen by the 
experimenter, a small ‘‘safe’’ box was located. This box was 
10 cm on a side, inside dimensions, and the interior was 
painted black. A semi-circular doorway in the base of the 
box faced onto the length of the open field. Latency to enter 
this box was measured with a hand-held stopwatch. A child’s 
cap pistol was used to produce a loud noise at the outset of 
each trial. Subjects were tested for five consecutive trials in 
a single session. If a rat did not enter the box within five 
minutes, the experimenter placed the subject in the box. 
Subjects remained inside the box for one minute before the 
next trial was initiated. 

In Experiment 3b, subjects had previously participated in 
Experiments 2c and 4, and testing was conducted in the 
home room. The elevated open field, 71 cm by 120 cm and 80 
cm off the floor, was placed next to the rack holding the 
home cages. Testing involved being carried from the home 





HOLSON AND WALKER 


| | 1 mec 


| 
| 
| 
| 
| 
| 


a te a] 


} | 


|_| | FA 


LATENCY TO ENTER A 
DARK BOX (sec) 











EXPERIMENT |! 
in a Novel Room, 
Following a Loud 
Noise 


EXPERIMENT Il 
In a Famitiar 
Room,No Noise 


FIG. 4. Latency to go from an unfamiliar, elevated open field to a 
small, dark *‘safe’’ box was measured under two conditions. In both 
cases MFC rats were significantly slower than shams. Error bars 
represent +1 standard error. 


cage by hand for a distance of not more than 2 meters. The 
open field was covered with butcher’s paper, ruled into 
squares approximately 25 cm on a side. The safe box 
covered the entire end of the field, and the experimenter sat 
at the other end. The box was 71 cm wide, 22 cm deep and 16 
cm high. A semicircular door faced onto the open field. Sub- 
jects were placed on the end of the table near the experi- 
menter, who recorded square crossings and latency to enter 
the box. All subjects received a single trial in the absence of 
any sharp noise. 


RESULTS 


No overall significant differences in initial freezing dura- 
tion were found in Experiment 3a, nor in number of square 
crossings in Experiment 3b. However, as shown in Fig. 4, 
latency to enter the safe box was significantly greater for 
MFC rats on both experiments. A variance analysis of these 
results revealed that the main effects of lesions and experi- 
mental conditions were highly significant, F(1,18)=25.8, 
p<0.001 for test conditions; F(1,18)=11.14 for lesions, 
p<0.005. The conditions by lesions interaction, equally 
clearly, failed to achieve significance, F(1,18)=2.08, p<0.2. 


DISCUSSION 


The failure of lesioned rats to enter the safe box as rapidly 
as controls was not a result of general hyperactivity, at least 
as measured by square crossings. Since both groups took 
longer to enter the box under the more aversive circum- 
stances of the first experiment, it is plausible that group 
differences are a result of high timidity in lesioned rats. This 
supposition is supported by a tendency for the lesioned rats 
to freeze longer in response to the initial loud noise on each 
trial in Experiment 3a. While this tendency reached signifi- 
cance only on trial 2 of the 5 trials (MFC duration=26.9 
seconds, sham=7 seconds, N=9 non-tie scores, T=3, two- 
tailed p<0.02, Wilcoxon), mean freezing duration over all 
trials was lower for shams in 8 of 10 pairs. 

The finding that MFC rats are slower to leave an open 
field for a dark ‘‘safe’’ place nicely complements the earlier 
emergence experiments [18], which found a similar slowing, 
although on a rather different time scale, for MFC latency to 
enter an open field from a dark box. The symmetry of these 
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two findings certainly militates against an explanation of 
MFC deficits in terms of photophobia. 

This effect is not so clearly in agreement with the open 
field studies reported earlier in this article. In these experi- 
ments, MFC rats showed no slowing in latency to first 
movement in a large field with walls, and tended to be more 
active than controls over the first three minutes in such a 
field. The difference between the two situations might be 
attributable to differences in the open field apparatus. In 
both types of experiments subjects avoided the center of the 
open field by running along the edges. While this allowed 
rats to keep one side against the wall in the traditional 
‘“‘open’’ field, it brought the rats into contact with a visual 
cliff in the elevated open field used in the hesitancy situation. 
It is possible that the presence of this drop-off inhibited 
activity, and it may have done so selectively for the more 
timid brain-damaged animals. 


EXPERIMENT 4 


The activity differences shown by MFC rats in Experi- 
ment 2 and their hesitancy to leave an open field for a safe 
box in Experiment 3, both occurred under bright illumina- 
tion. It could be argued that the increased timidity seen in 
these situations was a result of lighting conditions, and hence 
that these experiments have failed to convincingly rule out 
photophobia as the cause of MFC lesion effects. To address 
this concern, an attempt was made to assess preferences for 
novel, odiferous objects, visual stimuli, and conspecifics. 
This was done by using a variant of the ‘‘stimulus circus”’ 
technique [34,35]. Subjects were given access to any of four 
different alleys, each containing different stimuli. Prefer- 
ences were assessed by recording duration of time spent 
within each alley. 


METHOD 


Subjects were matched pairs of male Long-Evans rats. 
All subjects had participated in earlier open field or 
emergence experiments prior to testing. Not all subjects 
were tested in all three circus conditions. The apparatus 
consisted of a central 870 cm? holding area with white walls 
opening onto four 15x60x16 cm alleys. As seen from the 
experimenter’s position at the back of the apparatus, the 
alleys were located at 0, 45, 135 and 180 degrees. The top 
was covered with wire mesh to prevent escape. Access to 
the alleys was controlled by transparent acrylic guillotine 
doors, set into the walls of the central holding area. These 
doors could be raised by the experimenter, allowing explo- 
ration of the alleys. 

Daily sessions lasted 20 minutes. Each subject was placed 
in the central area for 5 minutes with the doors down. The 
four doors were then raised simultaneously, and the subject 
was allowed to explore for 15 minutes. Movement and loca- 
tion were recorded in 15-second epochs. Three different 
stimulus arrays were used, over three consecutive daily ses- 
sions. Within matched pairs the geometrical location of the 
four alleys was constant, but the location of the alleys was 
randomly switched over pairs, for all three conditions. 


Day 1: Black-White Preferences (17 pairs) 


On the first day, the 4 alleys contained black and white 
stimuli of differing complexity. One alley was painted solid 
black, a second solid white, while the third and fourth alleys 
were black and white in equal parts. In the third alley, the 
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FIG. 5. Stimulus circus performance. Three consecutive days are 
shown. (A) Day 1. The 4 arms differed solely in brightness and 
pattern on the walls. (B) Day 2. Arms held different numbers of 
odiferous objects. (C) Day 3. Arms held one or two unfamiliar rats, 8 
objects, or nothing. Error bars represent +1 standard error. 


half of the wall area at the end of the alley was black, the area 
next to the entrance white. The 4th alley was covered with 1 
cm wide black and white vertical stripes. 


Day 2: Novel Objects and Olfactory Stimuli (20 pairs) 


In this condition all alleys were white. One alley was 
empty. The other three alleys held 2, 4 or 8 objects differing 
in odor. The two objects in the first alley were scented with 
vanilla extract; the four objects in the second alley were 
scented with vanilla extract and Mentholatum; the eight ob- 
jects in the third alley smelled of vanilla extract, peppermint 
extract and Mentholatum. 


Day 3: Preference for Conspecifics (10 pairs) 


Two alleys were fitted with wire-mesh grills, two-thirds of 
the way down the alley. Unfamiliar rats were placed behind 
these grills, two in one end compartment, one in the other. A 
third alley was empty with white walls, while the fourth held 
the same 8 pungent objects used on day 2. 


RESULTS 


There were no group differences in number of alley 
entries, or in latency to first entry, in any condition. Of 
greater interest, a lag analysis showed no differences be- 
tween groups in repeat entries over lag | to lag 4. Repeat 
visits were significantly below chance levels only for the first 
two lags. Since the apparatus is a simplified version of an 
8-arm radial maze, it could be argued that this finding is 
evidence against any pronounced short-term memory deficit 
in MFC rats. 

Figure 5 shows that on all three days, both groups spent 
more time in the center than in the alleys. On days 1 and 3, 
the least time was spent in the empty white alley, while on 
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day 2 the alley with 8 scented objects received the least 
attention. A Friedmann’s one-way ANOVA showed that 
time spent in the center and alleys was significantly different, 
for both groups, on days one and two (p<0.01, on both 
days). On day 3, MFC subjects spent significantly different 
amounts of time among areas (p<0.02), but sham-lesioned 
controls did not. 

Group differences were marginal on the first day. As Fig. 
5 suggests, there was a tendency for MFC rats to spend more 
time than shams in the central area, or in the black alleys, as 
compared to the more complex half-black or striped alleys. 
Difference scores were computed as follows: (time in center 
plus time in black alley) minus (time in striped alley plus time 
in half-black alley). A paired t-test on these scores showed 
that duration from less to more complex alleys dropped more 
rapidly for MFC rats (t(16)=2.34, two-tailed p<0.05). This is 
not a strong difference between groups, but does suggest that 
MFC rats may be more reluctant to approach novel, complex 
visual stimuli than are controls. 

Findings were similar on the second day. Both groups of 
rats clearly found all three sets of pungent novel objects to be 
aversive, in that they spent little time in any of these alleys. 
MFC rats seemed more reluctant to leave the central area at 
all, since they spent significantly more time here than did 
controls (Wilcoxon T=47, 14 of 20 pairs show difference, 
two-tailed p<0.05). Conversely, there was a strong tendency 
for MFC rats to spend less time in the empty white alley. 
When a difference score (time in center minus time in white 
alley) was calculated, MFC animals showed a larger differ- 
ence (Wilcoxon T=47, 15 of 20 pairs show difference, two- 
tailed p<0.05). Assuming that the novelty (and perhaps 
strength) of these odors was aversive, it may be that the 
MFC failure to leave the center, even to enter the white 
alley, was due to greater timidity. This interpretation is also 
supported by the fact that MFC rats, but not shams, tended 
to spend more time in the center on day 2 than on day | 
(1-tailed 1; p<0.05, 1(18)=1.89). Alternatively, it could be 
that the more photophobic lesioned rats found the white 
alley to be as aversive as the novel, scented objects. 

The final day produced clearer evidence for group differ- 
ences. When total time spent in the two alleys with unfamil- 
iar rats was pooled, it was found that MFC rats spent more 
time with conspecifics than did controls (Wilcoxon, T=7, 9 
of 10 pairs show difference, two-tailed p<0.05). Conversely, 
controls spent more time in the alley with the 8 scented 
objects than did MFC subjects or than they did with unfamil- 
iar conspecifics. Not surprisingly, change scores between 
time spent with conspecifics to time spent with the objects 
were greater for MFC rats than controls (Wilcoxon T=4, 9 of 
10 pairs show difference, two-tailed p<0.02). 


DISCUSSION 


Several studies have shown that frightened rats spend 
more time in the proximity of other rats, even when these 
rats are unfamiliar [24, 25, 32]. On the 3rd day, MFC rats 
spent more time with conspecifics, and less with novel, pun- 
gent objects than did controls. This indication of enhanced 
timidity is supported by findings on the first two conditions. 
MFC subjects seem more reluctant to approach scented un- 
familiar objects (condition 2), and may be less likely to in- 
vestigate more complex stimuli of any sort (condition 1). 


EXPERIMENT 5 
Rats do not readily approach novel foodstuffs, and this 
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food neophobia is greater in innately fearful rats [46]. This 
phenomenon could provide another measure of timidity, and 
one which is potentially independent of photophobia. 


METHOD 


Subjects were 10 pairs of Long-Evans male rats. Each 
pair was matched on preoperative performance on the open 
field and emergence tasks, in addition to the other attributes 
detailed in the General Method section. Subjects were tested 
post-operatively for hesitancy, emergence, open field activ- 
ity and circus behavior in addition to the above-mentioned 
preoperative tasks. 

The apparatus was the same open field used to measure 
activity in Experiment 2, and described in detail under that 
heading. Novel foodstuffs were placed in corners and along 
the walls of this box, in shallow metal lids. Piles of 10 grams 
of Fritos, chopped carrots, hard peppermint candies and 
cornflakes were placed in the four corners of the box, one 
foodstuff to each corner. Ten gram piles of toasted bread 
squares were placed along the midpoint of each of the four 
walls. One batch of the bread was flavored with pepperment 
extract. Following 23-hour food deprivation, all subjects 
were placed individually in the field for two consecutive 
daily sessions. Movement, location and eating were re- 
corded in 15-second epochs, for 15 minutes. 


RESULTS 


Activity levels, latency to first eat, number of eating 
episodes, food preferences, and duration of eating were 
near-identical across groups. However, four of ten operatees 
and twe of ten shams did not eat at all during the two ses- 
sions, and the remaining subjects nibbled only sporadically. 
Correlations between activity levels in this situation and ear- 
lier open field activity (Experiment 2c) were high (r=0.71, 
p<0.01), and activity and duration of eating were also corre- 
lated (r=0.55, p<0.05). Since the same subjects had earlier 
failed to evidence any lesion effects upon open field activity, 
it is not surprising that there were no group differences in 
degree of food neophobia. 

Rats appear to have a special interest in or attraction to 
the corner of the open field in which they are initially placed 
[43]. In the current situation, the experimenter sat next to the 
entrance corner. Four of ten controls, but no lesioned rats, 
repeatedly attempted to escape by jumping atop the wall at 
this point and crawling into the experimenter’s lap. This 
group difference was significant (p<0.05, Fisher’s exact 
probability test). 


DISCUSSION 


Few subjects ate substantially, and eating behavior was 
closely related to other measures of open field activity. 
However, prolonged exposure to this open field evidently 
had emboldened certain rats, since this was the only time in 
some years that subjects had succeeded in climbing out of 
the apparatus. All escape efforts were directed towards 
the entrance corner where the experimenter sat. This 
presumably involved a considerable approach/avoidance 
conflict, balancing the desire to escape against the fear of the 
experimenter. That only controls were able to do so is yet 
another indication that they are less timid than the brain- 
damaged rats. 


EXPERIMENT 6 


One simple technique for the assessment of central 
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arousal is the measurement of the duration of barbiturate 
anesthesia. It is thought that this sedative works directly at 
brainstem and thalamic levels of the reticular arousal system 
[33]. Anesthesia duration has been reported to be sensitive to 
such arousal-linked factors as circadian cycles [6,8], strain 
differences [44], and isolation rearing [5,37]. This simple 
measure was chosen for evaluating a different aspect of 
arousal in MFC and normal rats. 


METHOD 


Two experiments were conducted. In the first, subjects 
were anesthetized immediately upon removal from the home 
cage; these animals had previously participated in Experi- 
ments 3a and 4. In the second, subjects were anesthetized 
after being transported from home room to test room in a 
carrying cage and being held there for 10 minutes; that is, ina 
more novel and stressful environment. Subjects in this sec- 
ond group had been matched preoperatively on open field 
activity and emergence, and had participated in Experiments 
2c, 3b, 4 and 5. In both groups there were 10 MFC animals 
and 10 matched controls. 

Technique was the same in both experiments. Animals 
were injected intraperitoneally between noon and 3:00 p.m. 
with Nembutal, a 1% solution of sodium pentobarbital (Vet- 
erinary Laboratories, Lenex, KS), at 0.45 ml of solution per 
kilogram of body weight. Following injection, the subject 
was placed on a table top and observed until loss of the 
righting reflex occurred. Subjects were then placed on their 
backs, and duration of anesthesia was defined as the time 
between loss and regaining of the righting reflex. 


RESULTS 


As Fig. 6 reveals, there were no group differences in du- 
ration of anesthesia when injection occurred in the home 
room. Under the novel and stressful conditions of the second 
experiment, anesthesia duration dropped for prefrontal sub- 
jects, while sham duration remained constant (T=7, N=10 
pairs, 8 of 10 pairs show differences in this direction, two- 
tailed p<0.05, Wilcoxon). These results suggest an increase 
in central reactivity to arousal following MFC ablation and 
support other findings in this report: MFC damage caused 
hyperreactivity under conditions of high but not low aver- 
sion. Further, this technique may provide one avenue for 
exploring the long-hypothesized prefrontal control of ‘‘re- 
ticular arousal’’ [29,36]. 


GENERAL DISCUSSION 


The results of these six experiments support earlier work 
from our laboratory [18]. MFC lesions appear to increase 
timidity. These results indicate that the MFC rat tends to be 
hesitant and over-reactive to a variety of novel stimuli. This 
enhanced timidity is situation-specific, and does not appear 
to be the result of an alteration in basal levels of affect. Thus, 
MFC subjects were hyperreactive in the open field, but this 
hyperreactivity involved both increased and diminished ac- 
tivity, and was not seen at all in handled rats or in familiar 
situations. Similarly, the duration of barbiturate anesthesia 
was reduced only under high arousal, but not in the home 
cage. 

These findings extend our earlier results, in that they help 


DURATION (minutes) 








EXPERIMENT Il 
HIGH AVERSION 


EXPERIMENT | 
LOW AVERSION 


FIG. 6. Duration of barbiturate anesthesia. Two experimental con- 
ditions were used. Condition 1. Subjects were removed from their 
home cages and injected in under three minutes. Condition 2. Sub- 
jects were transported to an unfamiliar room prior to injection. 
Group differences were significant only under the second, more 
aversive situation. Bars represent standard errors. 


rule out the possibility that this syndrome is limited to hyper- 
reactivity to light. The brain damaged subjects are not only 
unwilling to enter an open field, they also are slow to leave a 
brightly illuminated area, even for a dark box. Such hesi- 
tancy was also observed when an escape response required 
approaching an aversive stimulus, such as the experimenter. 
MFC rats are evidently also unusually reluctant to leave the 
relative security of a familiar place, or the company of a con- 
specific, in order to investigate novel, pungent objects. This 
timidity may extend to a wide range of more complex stim- 
uli. Finally, the barbiturate anesthesia experiment showed 
that transport in a dark, closed metal cage abnormally en- 
hanced MFC arousal. Here again we do not seem to be deal- 
ing with a simple fear of light. 

As with earlier results [18], these findings are also un- 
likely to be the result of lesion-induced slowing or dulling. 
While this may superficially appear to be the case with in- 
creased MFC hesitancy, the finding of increased open field 
activity on day 1, together with lowered duration of barbitu- 
rate anesthesia under conditions of high arousal, certainly 
rules out any general decrease in arousal in MFC subjects. 

We conclude that MFC lesions produce at least a uni- 
polar affective hyperreactivity. These results do not address 
the important question of whether MFC lesions reduce 
timidity in the absence of aversive stimuli. The only sugges- 
tion of such an effect was the finding that MFC latency to 
drink and to emerge was lowered (although not significantly) 
in the familiar home cage. If this phenomenon is substan- 
tiated, it will provide strong evidence for bipolar affective 
hyperreactivity in MFC rats, with lesions both increasing the 
response to fear-eliciting stimuli, and decreasing it in the 
absence of such stimuli. 
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HOLSON, R. R. Mesial prefrontal cortical lesions and timidity in rats. II. Behavior in a semi-natural environment. 
PHYSIOL BEHAV 37(2) 239-247, 1986.—Behavior of adult male rats with and without lesions in mesial prefrontal cortex 
(MFC) was studied in a large (72 m*) semi-natural environment (SNE) equipped with numerous wooden nest boxes. The 
experiment was conducted in 2 partial replicates, one in summer, one in mid-winter. Subjects were introduced to this 
environment 11 days after surgery, in groups. In the first replication, control and lesioned rats were subjected to mild food 
deprivation, beginning two weeks after introduction into the SNE. In the second replication, rats were first restricted to 
separate areas of the SNE, then later allowed full run of the environment. This procedure was then repeated. Summarizing 
the findings of both replicates, MFC rats were more likely to be found inside nest boxes than controls, changed nest boxes 
less often, and were less likely to obtain or hoard food from the daily feeding sessions, or to hoard and use nesting material. 
MFC rats were lower in social rank than controls, and lost less weight during the initial two weeks in replicate one, perhaps 
due to their relative inactivity. These differences waned over time when MFC rats were competing only within their group, 
but not when the brain damaged rats were forced to compete with intact controls. It is concluded that the timidity 
previously described in studies of MFC rats in a laboratory setting (Holson, Holson and Walker) has ethological validity, in 
that it is also evident in an SNE. The implications of these findings for an understanding of the evolution and function of 
prefrontal cortex are briefly discussed. 

Prefrontal cortex Brain lesions Fear 


Emotionality Social behavior Rat 





PREVIOUS studies in this series [13,14] have shown that on 
a variety of laboratory tasks mesial prefrontal cortical (MFC) 
lesions in rats increase the avoidance of aversive stimuli, a 
syndrome labelled timidity in these papers. However, as 
Warren has emphasized [32], it is important to assess the 
behavioral effects of brain lesions in environments which 
closely resemble the ecological niche into which the species 
in question has evolved. This is so in part because laboratory 
syndromes are not always manifest in semi-natural environ- 
ments (SNE), either in monkeys [7,8] or in rats [22]. Conse- 
quently the primary goal of this experiment was to determine 
if the timidity seen in MFC rats in the laboratory would 
extend to behavior in a SNE. 

There are also wider evolutionary considerations. Assum- 
ing that the systems disrupted by MFC lesion have evolved 
at least in part to inhibit timidity, it is instructive to speculate 


defending territories. A second goal of this experiment was 
to test this hypothesis. 


METHOD 
Subjects 


All subjects were male hooded rats bred from Long- 
Evans stock at the University of Washington. Subjects were 
maintained in group cages following weaning at 24 days (4 
rats per cage). Subjects in the second replicate were placed 
in isolation caging for a month prior to surgery; this isolation 
condition began around postnatal day 100. Rats were not 
handled or gentled at any stage of the experiment. 


Lesions 


about why this might be so. One possibility concerns the 
balance between food foraging and avoidance of predation. 
These two goals must often be at odds, since timidity could 
reduce the probability of predation at the cost of successful 
foraging, while boldness might have the opposite effect. If 
this line of reasoning is correct, MFC rats in a SNE would be 
at a disadvantage in foraging, and perhaps in forming and 





The lesion technique has been described in detail 
elsewhere [11]. Briefly, mesial frontal cortex was ablated by 
a series of 6 electrolytic burns on the midline anterior to the 
genu of the corpus callosum. Photographs of these mesial 
lesions following saggital transection of representative 
formol-saline fixed brains are given in Fig. 1. Controls did 
not receive sham lesions, as an aid to recognition in the SNE. 


‘Requests for reprints should be addressed to R. Holson, Division of Reproductive and Developmental Toxicology, National Center for 


Toxicological Research, Jefferson, AR 72190. 
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FIG. 1. Mesial frontocortical lesions. Photograph of the median hemisphere of a representative MFC-lesioned brain from a participant in this 
experiment. 


Instead they were anesthetized and placed in the stereotax 
without the scalp being shaved or incised. 


Apparatus 


The SNE was housed in a large, unheated metal shed. 
Translucent skylights provided the only light, so subjects 
were on the solar day-night cycle. The shed contained three 
3x8 m sections. Each was surrounded by 74 cm high 
plywood walls. These walls were covered on the inside with 
wire mesh which extended 60 cm above the walls to a total 
height of 134 cm. Each section was roofed with the same 
wire mesh. The floor was covered to a depth of 15 cm with 
loose sand. Each section was further subdivided into eight 
1x3 m runs with interior wire mesh dividers. Each run had a 
plywood access door at one end. The entire environment 
thus had a total of 24 runs, with a total floor space of 72 m?. 
Sections were separated by a 1.1 m walkway. For this exper- 
iment passages were cut into the wire separating the runs, at 
either end of each run. Elevated wooden tunnels with sloping 
access ramps connected the three sections. These gave sub- 
jects access to the entirety of the wire-covered area inside 
the shed. A variety of junk objects was strewn about the 
sandy floor of the runs. Cardboard blinds were placed on 
each side of every section. These allowed the experimenter 


to record behavior without being in full view of the occu- 
pants. 

Wooden nest boxes (48 x 48 x 15 cm boxes made of 0.9 cm 
plywood) were placed immediately inside the access door of 
the runs. The only entrance was a circular doorway cut into 
one wall of these boxes. Interior baffles kept the inside quite 
dark, while a solid hinged lid allowed the experimenter to 
open the boxes and quickly inventory the occupants. The 
SNE is diagrammed in Fig. 2. 


Procedure 


This experiment was conducted in two partial replicates, 
with basic technique common to both. Subjects within lesion 
or control groups were recognized by coat markings, and the 
shaven head distinguished MFC rats from controls. Since the 
experimenter could not see the entire SNE from any one 
blind, and subjects in any case spent much time inside nest 
boxes, under junk objects or in the tunnels connecting the 
sections, no attempt was made to time-sample individual be- 
havior. Rather, a census approach was taken to data collec- 
tion. Nest boxes were periodically checked for number and 
identity of occupants, and in replicate 1 agonistic encounters 
were recorded whenever observed. Animals were fed once 
daily, by placing a single container of standard lab chow (30 
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FIG. 2. The semi-natural environment (SNE). A scale floor plan of the SNE 
showing the central section and tunnels leading to the two side sections. Nest box 
locations as in replicate 1. 


TABLE | 
OVERVIEW OF EXPERIMENT 





Duration 


Procedure 


Results 





Aug. 22 
Aug. 23-28, 31, 
Sept. 1-4 
Aug. 25- 
Sept. 8 
Sept. 5-19 
Aug. 22, 30, 


Sept. 5, 12, 19, 
Oct. 3 


Dec. 10 

Dec. 20-24, 
27, Jan. 1 

Dec. 12-16 

Dec. 19-24 

Dec. 28-30 

Jan. 2-4 

Jan. 8-10 

Jan. 11, 15-16 


Dec. 14-18 


Replicate 1 


Subjects placed in SNE 
Nest box occupancy 


Observations of 
agonistic encounters 
Reduction of food 


Capture to measure 
body weight 


Replicate 2 


Subjects placed in SNE 

Nest box occupancy 
(combined groups) 

First hoarding, separate 
sections 

First hoarding, combined 
sections 

Activity, combined 
sections 

Activity, separate 
sections 

Second hoarding, 
separate sections 

Second hoarding, 
combined sections 

Separate groups, 
hoarding of nest paper 


Controls found inside 
nest boxes less, change 
boxes more often 

MFC rank is lower than 
control 

Controls hoard more 
than MFC 

MFC gain, controls lose 
during first two weeks 


Controls inside less, 
change more 

Controls hoard more 
than MFC 

Controls hoard more 
than MFC 

Controls more active 
than MFC 

No group differences 


No group differences 


Controls hoard more 
than MFC 

Controls carry more 
_ paper into nest 
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FIG. 3. Nest box occupancy. Data are pooled from both replicates. 
MFC rats were found outside of nest boxes less often, and were 
found in the same box more often than controls. Error bars +1 
standard error. 
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TABLE 2 
BEHAVIOR DURING FEEDING SESSIONS: REPLICATE 1 





Number of Days 
Subjects Took 
Pellets 


Number of Days 
Subjects Hoarded 


Pellets 
No. of 


Animals Mean St. Dev. Mean St. Dev. 





MFC 3.67 + 2.92 
p<0.02* 


7.12 + 1.64 


0.11 + 0.33 
p<0.001* 


Control 4.25 + 2.55 





*Probability of difference between groups estimated with a 
2-tailed Mann-Whitney. 
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SECOND COMBINED 
HOARDING 


FIRST COMBINED 
HOARDING 


FIG. 4. Time spent outside the nest box during feeding sessions (replicate 2). (A) MFC and control rats in 
separate sections, for the first time. Only the main effect of lesions is significant, F(1,13)=8.06, p<0.05. (B) MFC 
and control rats in combined sections for the first time. Effect of days, lesions and their interactions are all 
significant (Lesions—F(1,13)=10.1, p<0.01; Days—F(5,65)=5.6, p<0.001; Days x Lesions—F(5,65)=4.1, 
p>0.01). (C) MFC and control rats in separate sections, for the second time (no effect attained significance). (D) 


First and second combined feeding sessions. Activity scores have been pooled over days. (Lesions— 
F(1,13)=5.9, p<0.05; Sessions—F(1,13)=4.8, p<0.05). 
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FIG. 5. Activity outside of feeding sessions (replicate 2). Activity 
was observed for 2 hours daily for three days during the first com- 
bined and second separate sessions. MFC rats were less active than 
controls on the first combined, F(1,13)=5.54, p<0.05, but not during 
the second separate session. Error bars +1 standard error. 


g/rat-day) at random locations throughout the SNE. This in- 
variably occassioned a brief flurry of hoarding, and partici- 
pation in these daily feeding episodes was recorded. Outside 
of feeding time, the amount of time spent by subjects outside 
of nest boxes was recorded in replicate 2. All behavioral 
observations were made during daylight hours, and water 
was available at all times from a single source. 


Replicate | 


This experiment was conducted at the height of summer, 
when temperatures in the SNE frequently approached 38°C. 
Subjects were 9 MFC and 8 control rats. Surgery occurred 
around the 110th day of life, and all lesions were completed 
within a 3-day period. Recovery averaged 11 days, following 
which all 17 animals were placed in the SNE, together with 4 
adult females. There were nest boxes in each of the 24 runs. 
Dominance rank was assessed by recording the outcome of 
agonistic encounters, predominantly during the first two 
weeks. Agonistic encounters were defined as chasing, hip 
throwing, food stealing, climbing over, belly-up submission, 
and displacement at food, water or sex. During the first two 
weeks ample food (30 g/rat-day) was supplied. Thereafter 
food availability was reduced to 20 g/rat-day, in hopes of 
provoking competitive hoarding and protection of hoards. 
All subjects were trapped and weighed weekly, to determine 
whether they were foraging successfully. Table 1 details the 
order in which various observations and procedures were 
conducted, and the results of these procedures. 


Replicate 2 


This replication was conducted in mid-winter, with inter- 
nal temperatures often below 0°C. Subjects were 7 MFC and 
8 control rats, with surgery occurring around the 130th day of 
life, followed by the approximate 11 day recovery period. 
There were no females in the SNE in this replication. Proce- 
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FIG. 6. Weight changes over the first two weeks in the SNE (rep- 
licate 1). Data are changes from the body weight on the day subjects 
were initially placed in the environment. Food restriction began 
after the second week. Error bars are +1 standard error. *Signifi- 
cant difference between groups at p<0.05, 2-tailed f-test. 


dure differed from replicate | primarily in that attempts were 
made to elicit greater territoriality. At the outset, tunnels 
allowing access to the central section from the two side sec- 
tions were blocked. MFC subjects were placed in one side 
section, controls in the other (separate condition 1). Nest 
boxes were reduced to 8, 4 in each side section, none in the 
center. After 9 days in separate sections, the tunnels were 
unblocked and the daily 30 g/rat allotment of food was placed 
in the central section (combined condition 1). After 12 days 
in combined sections, the two groups were again separated 
for 10 days (separate condition 2) and finally were reunited 
for the duration of the experiment (combined condition 2). 
Hoarding and activity were recorded during both the first 
and the second combined and separate group conditions, by 
recording the presence of subjects in one-minute epochs 
throughout the daily feeding session, and at other times dur- 
ing the day. No attempt was made to estimate dominance; 
due to the cold and absence of estrous females, there was too 
little social interaction to make estimates possible. Finally, 
materials to build nests were supplied in order to protect 
subjects from the cold. Balls of wadded-up newspaper were 
strewn about the SNE for this purpose. Table | gives an 
overview of experimental design and results. 


RESULTS 


Behavior was broadly similar across both replicates. Plac- 
ing a container of lab pellets anywhere in the SNE promptly 
elicited a burst of feeding and hoarding; rats carried pellets 
into whatever box was convenient, or else carried a pellet off 
and ate it in another part of the SNE. It seldom took more 
than 15 minutes for the entire daily ration of pellets to be 
disposed of in this manner. However, at no time was there 
any evidence of territoriality or defense of hoards. Having 
diligently carried away 20 or 30 pellets, rats then seemingly 
lost interest in their hoards and wandered off. As a result 
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TABLE 3 
PROBABLE DOMINANCE AS ASSESSED BY AGONISTIC ENCOUNTER 





Subject 
Dominating 
Encounter G I , ig ty 


Subject Subordinate in Encounter 





™wmaOoNwe 


mim 
* 
KNUBWNK SK 


1 
Q* xX 





Letters identify individual rats, in order of dominance, A being the most, Q the least dominant rat. *Indicates lesioned rats. 
The numbers in the table are the number of encounters actually observed between a given pair of rats. If no number is given, no 
agonistic encounter was observed between that pair. All observations falling above the diagonal row of X are in agreement with 
assigned dominance ranks. The 2 observations below the diagonal disagree with the overall patterns of assigned rank, and 


probably are anomalous. 


most nest boxes eventually contained sizeable numbers of 
hoarded and abandoned food pellets. Similar behavior has 
been described in feral rats [1,4]. 

In both replicates, census of nest box occupants revealed 
that MFC subjects were more likely to be found inside nest 
boxes (p<0.05, two and one-tailed Mann-Whitney for rep- 
licates 1 and 2 respectively; p<0.02 for combined replicates, 
2-tailed Mann-Whitney), and when in a nest box, were more 
likely to be found repeatedly in the same box (p<0.05, 
2-tailed Mann-Whitney, for combined replicates). Pooled re- 
sults for both replicates are shown in Fig. 3. This finding 
suggests that MFC rats were generally less likely to leave the 
security of the nest box. 

In both replicates MFC rats were present at and hoarded 
less than controls during the daily feeding sessions. The re- 
sults for replicate 1 are given in Table 2. Figure 4 details the 
results in replicate 2, for each of the 2 separate and 2 com- 
bined sessions. In this second experiment it was found that 
MFC rats attended feeding sessions less than controls during 
both combined conditions (Figs. 4B and 4D), but only on the 
first of the two separate conditions (Figs. 4A and 4C). Al- 
though both groups increased attendance at feeding sessions 
from the first to the second combined condition, 
F(1,13)=4.86, p<0.05, there was no change in the difference 
between groups (sessions x _ lesions interaction, 
F(1,13)=0.1). 

Time spent outside the nest boxes when not feeding was 
measured only in the second replicate, and then only during 
the first combined and the second separate conditions. Due 
to the cold, neither group ventured outside a great deal, but 
in the first combined condition, controls spent more time 
outside than did lesioned rats. This difference had disap- 


peared by the second separate condition (Fig. 5). Thus, MFC 
rats showed adaptation to the SNE, in terms of activity and 
hoarding, by the end of the second separate condition. This 
adaptation occurred only in the absence of control rats. 

No group differences were seen in body weight in the 
second replicate (both groups lost weight, presumably due to 
the cold). On the first replicate, controls lost and MFC rats 
gained weight over the first two weeks in the SNE (Fig. 6). 
Thereafter both groups lost weight under food restriction at 
the same rate. It is probable that the control weight loss 
during the first two weeks was due to greater control activ- 
ity. In contrast, MFC rats hid inside nest boxes, presumably 
eating the food carried into these boxes by the controls. 

Differences in hoarding were not restricted to feeding. On 
each of 7 days (over separate conditions | and 2, replicate 2), 
16 balls of newspaper were placed in each of the 2 sections. 
Controls invariably hoarded almost all of this paper within 24 
hours, and shredded it to insulate their nest boxes. This insu- 
lation was quite effective, since the resulting nests were 
warm to the touch when the nest boxes were opened. 
Lesioned rats too used paper for insulation, but they hoarded 
much less paper, and the resulting nests were consequently a 
poor imitaiton of the control nests. On each of 7 days, MFC 
rats used fewer balls of paper (mean of 6.1 of 16 for MFC, 
14.7 of 16 for controls). This difference was quite consistent 
over days (p<0.01, sign test). 

In the first replicate MFC rats were lower in social domi- 
nance, as determined by the outcome of agonistic encounters 
in replicate 1. While it was not possible to record agonistic 
encounters between each possible pairing of the 17 rats, rank 
was assigned on the assumption that if A is dominant over B 
and B over C, then A is dominant over C. Using this method 
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FIG. 7. Pooled regression of body weight on social rank; the line is 
the regression line. Analysis of covariance revealed a significant 
difference between groups, F(1,14)= 12.83, p<0.005. 


with the 69 agonistic encounters actually observed, it was 
found that MFC rats were of significantly lower mean rank 
(p<0.02, 2-tailed Mann-Whitney—see Table 3). That this 
method reliably measured dominance was indicated by the 
correlation between social rank and body weight. When the 
effect of lesions was partialled out, this correlation was 0.75. 
This close relationship between dominance rank and body 
weight has long been known to hold true for rats [1]. 

However, lesioned rats weighed slightly but not signifi- 
cantly less than controls. To rule out any contribution by 
these weight differences to social dominance, a covariate 
analysis was conducted. MFC subjects were still signifi- 
cantly less dominant than control (Fig. 7). Further, a multi- 
ple regression showed that weight was the most powerful 
predictor of dominance and that the independent contribu- 
tion of lesions was also a significant predictor of rank. To- 
gether, the two variables accounted for 72% of the variance 
in observed dominance rank. Not surprisingly, these factors 
were also related to daily attendance at feeding sessions. 
Social dominance was a good predictor of attendance, as was 
the lesion factor. Table 4 contains the correlation matrix 
relating these variables. 


DISCUSSION 


In this experiment the timidity displayed by MFC rats in 
laboratory paradigms was seen vividly in more naturalistic 
settings. Although behavioral observations were not made at 
night, this timidity was not restricted to daytime. Social rank 
was presumably lowered and hoarding of nest paper was 
clearly reduced, over the full 24 hour cycle. Further, the fact 
that activity and food hoarding improved to at least control 
levels in the second separate condition indicates that much 
of the hoarding difficulty related to fear of competition from 
conspecifics, not to any primary inability to hoard, or to 
generalized dulling or inertia. 

While this experiment succeeded in its primary objective 
(replication of laboratory results in a SNE), it did not suc- 
ceed as well in the secondary objective of demonstrating an 
MFC disadvantage in foraging and protection of territory. In 
terms of body weight, MFC rats were never at a disadvan- 
tage. This may be primarily because neither group displayed 
territoriality. The lowered MFC social rank and poor atten- 
dance at feeding sessions did suggest that had there been 


TABLE 4 


CORRELATION MATRIX FOR VARIABLES IN REPLICATE 1 (17 
SUBJECTS—SIGNIFICANCE ACCORDING TO 1-TEST) 





Lesion 
(MFC=0; 
Control= 1) 


Attendance 
(at feeding 
(sessions) 


Weight 
(grams) 


Rank 
(1 lowest) 





Weight X 0.271 0.323 0.68 


(p>0.1) (p>0.05) (p<0.005) 

Lesion xX 0.61 0.67 
(p <0.005) (p <0.005) 

Attendance X 0.61 


(p <0.005) 
Rank xX 





territoriality, MFC rats may have fared considerably less 
well in competition for food and space. 

The results of this experiment are not easily compared to 
the few published reports of social behavior in MFC rats. 
Kolb [16] looked only at very brief social encounters, and 
found no significant differences between MFC rats and con- 
trols. However, it is unlikely that the present study would 
have found differences over such brief periods, especially in 
the absence of dark hiding places or food competition. A 
more comparable study was that by Lubar, Herrmann and 

These experimenters placed 30 rats (15 
male, 15 female) in an environment totalling less than 6 m? in 
area, and individual behavior was observed for 5 minutes per 
rat-day. Other dissimilarities were that subjects had pro- 
longed adaptation to the SNE prior to lesion, all behavioral 
recording was done in the dark part of the cycle, '/s of the 
subjects received septal lesions, and no attempt was made to 
measure social dominance. Despite these differences, there 
was indirect evidence for a loss of dominance among the 
MFC (and septal) rats. Following operation, the dominant 
male greatly expanded his territory (to 70% of the entire 
SNE), and even within the remaining territory, control rats 
monopolized the more favored areas [12]. Thus this earlier 
work supports the current finding that MFC lesions reduce 
social dominance. 


GENERAL DISCUSSION 


This report concludes a lengthy investigation of the influ- 
ence of MFC lesions on emotionality in male rats [13,14]. 
Taken in their entirety, the results demonstrate that MFC 
damage causes a fundamental increase in timidity, one that 
will be seen especially when MFC rats are placed in poten- 
tially aversive surroundings. Indeed, this timidity may be a 
more general outcome of MFC damage than the reversal and 
alternation deficits known to result from prefrontal lesions in 
laboratory animals [10]. Thus a recent study [18] has re- 
ported that following neonatal MFC damage in rats, spatial 
reversal is spared, but “‘species specific’’ behaviors known 
to be sensitive to timidity (hoarding and defensive burying) 
were impaired in adulthood. 

The link between MFC lesions and timidity is supported 
by what is known of the anatomical connections of this re- 
gion. MFC in rats is related to the dorsomedial nucleus of the 
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thalamus (DMN), the amygdala, the intralaminar thalamic 
nuclei, the central grey and the ascending reticular formation 
{2, 19, 20, 21]. Similarities between lesion syndromes in 
MFC and DMN [17] suggest a similar physiological role for 
the two regions in the modulation of affect [33], while amyg- 
dala, central grey and mesencephalic reticular formation 
have long been thought to be involved in negative emotions 
[6,15]. MFC thus enjoys the anatomical connections requi- 
site for a major role in the modulation of emotional states 
such as fear. 

In a wider comparative context this region also seems 
linked to the control of emotion. While functional 
homologies within sub-areas of prefrontal cortex remain to 
be elucidated, it is certainly the case that damage within this 
wider region enhances timidity in not just rats but monkeys 
[3] and possibly carnivores [28]. Further, it has been amply 
demonstrated that in humans, damage to a variety of areas 
within prefrontal cortex reduces neurotic anxiety and fear 
[9, 24, 31]. 

While this phenomenon certainly links human prefrontal 
cortical damage to altered affect, the seeming contradiction 
between the direction of lesion effects in humans and those 
reported for rats in the present series of experiments requires 
brief comment. It must be noted that lesion effects have been 
evaluated under diametrically opposite circumstances in 
humans and rats. In humans, prefrontal damage is believed 
to reduce chronic, inappropriate negative emotional states; 
in other words, emotional states which are unrelated to ex- 
ternal threat. Prefrontal humans have not been tested under 
circumstances which are fear-provoking (e.g., credible 
threat of shock or bodily harm, reaction to heights, etc.). 
Reports that lobotomy subjects are extremely resistant to 
injections or suture removal [26] suggest that in situations 
more closely resembling those under which prefrontal rats 
have been tested in this study, a similar heightening of reac- 
tivity might be seen. Conversely, prefrontal rats have not 
been selected for the preoperative presence of abnormally 
high timidity, and then tested postoperatively under familiar 
home-cage conditions. The increased prefrontal tendency to 
approach a novel water source seen in the home cage in this 
series of studies [14] likewise suggests that under such cir- 
cumstances lesion effects might more closely resemble those 
reported for humans. It is therefore concluded that altera- 
tions, if not unipolar increases in timidity, are a very general 
consequence of prefrontal cortical damage across a range of 
mammalian species. 
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Other findings support the suggestion that the prefron- 
tal/amygdalar/dorsomedial thalamic system may modulate 
not just fear but a wide range of emotions. The well- 
documented increase in dopamine turnover in MFC under 
either electroshock [30] or even exposure to the open field 
[29] certainly provides physiological support for a prefrontal 
involvement in negative affect. Further, this system may be 
implicated in reward mechanisms. It is well known that MFC 
supports self-stimulation [27], and this region is also impor- 
tant in the rewarding effects of drugs such as cocaine [11]. 
Hence, if we are safe in drawing conclusions about function 
from lesion data, it is likely that this area of the brain has 
evolved at least in part to modulate drive states or emotions 
in consonance with long-term goals or objectives. 

However, before such a conclusion can be drawn with 
confidence, a number of outstanding questions must be re- 
solved. Foremost among these is the question of the speci- 
ficity of MFC lesion effects. MFC damage typically com- 
promises brainstem norepinephrine projections to posterior 
cortex [23], and such projections may be involved in stress 
and anxiety [5,25]. While the finding that dorsomedial 
thalamic lesions also appear to enhance timidity [33] indi- 
cates that such effects may be restricted to the prefrontal 
system, it will be necessary to exclude norepinephrine sys- 
tem involvement with the use of lesions which demonstrably 
spare NE projections to posterior cortical areas before it can 
be stated with certainty that MFC lesion effects are the result 
of focal MFC damage. 

Providing that lesion-induced timidity is a direct result of 
MFC damage, it is also necessary to determine whether 
MFC modulation of timidity extends to other emotions, and 
to assess how this lesion-induced increase in timidity is re- 
lated to the classical reversal and delayed response deficits. 
It is equally important to gauge what role other components 
of the prefrontal system, DMN and orbital cortex in particu- 
lar, play in this syndrome. Finally, attempts must be made to 
relate this abnormal timidity in rats to what superficially ap- 
pears to be reduced fear and anxiety in lobotomized humans. 
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STERNTHAL, H. S. AND W. B. WEBB. Sleep deprivation of rats by punitive and non punitive procedures. PHYSIOL 
BEHAV 37(2) 249-252, 1986.—A series of experiments compared sleep deprivation of rats by sleep contingent shock and 
by non punitive procedures. Sleep overrode shock in approximately 24 hours. Animals were kept awake by non punitive 
procedures for 12 and 15 days. Recovery measures were higher for the non punitive procedures. 
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SINCE the early sleep deprivation experiments with animals 
in 1894 [6] and humans in 1896 [9] this has been a central 
methodology in sleep research. An analysis of Kleitman’s 
comprehensive review of the sleep literature in 1963 shows 
that 3% of the references used sleep deprivation. This has 
continued in contemporary sleep research; 3% of the refer- 
ences for the years 1979-1980 used partial, total or selective 
sleep stage deprivation procedures [13]. The recent animal 
sleep deprivation experiments [12] have resulted in a re- 
newed interest in animal sleep deprivation. 

In spite of this continued interest and the wide variations 
in sleep deprivation procedures there have been few 
methodological studies of total sleep deprivation procedures. 
In a suggestive analysis of levels of aggression associated 
with sleep deprivation, Murray concluded that conditions of 
deprivations may be a significant variable [7]. Levitt found 
significant differences in recovery sleep when wakefulness 
was maintained by dextroamphetamine or treadmill proce- 
dures [4]. 

On the basis of preliminary observations of the limitations 
of maintaining wakefulness by contingent shock associated 
with sleep onset, these experiments explored the differences 
between two sleep deprivation procedures: a shock contin- 
gent procedure and a procedure which minimized contingent 
punishment. 


EXPERIMENT I 
Method 


Five male Long Evans hooded rats were assigned to three 
groups. All had been surgically prepared for EEG sleep re- 
cordings [5] through a four wire shielded flexible cable. 

The subjects were placed individually in a 9x 18 in. Plex- 
iglas box with a gridded floor. Shocks could be delivered to 





the rats’ feet by alternately charged grids. These shocks 
were delivered contingently with the appearance of Slow 
Wave Sleep in the EEG recordings. 

Three levels of shock were used with the three groups: 
I=0.6 mA/0.5 sec; Il=1.0 mA/S sec; III=1.7 mA/1 sec. 
These shock/sleep regimes were maintained for 19 hr, 20 hr, 
and 24 hr for Groups I, II, and III respectively. 

In the conduct of Group I it was found that animals would 
show Slow Wave Sleep almost immediately after the cessa- 
tion of shock and even after rapidly presented shocks. A 
criterion of ‘‘sleep override’’ was set. This was 10 consecu- 
tive shocks in which Slow Wave Sleep occurred within 20 
sec or less. 


Results 


‘Sleep override’’ and the hours of occurrence for the 
three groups of five animals were: Group I=13 hr, 19 hr, 19 
hr; Group II=15 hr; Group III=20 hr, 22 hr, 24 hr. The 
remainder of the animals of each group had not reached the 
criteria by the end of their regime (see above). 

Figure | presents further data from this experiment. This 
figure shows the mean number of shocks required to main- 
tain wakefulness. These are the means of 4 animals in each 
shock condition across 18 hours. Not included are one 
animal from Group I and Group II which overrode shock 
prior to 18 hours and the least responsive animal of Group III 
(defined by the greatest total number of shocks across the 18 
hours). 

The number of shocks required to maintain wakefulness 
are clearly a function of the number of hours of deprivation 
and the shock level. However, the middle range shock con- 
dition (1 mA/0.5 sec) required significantly fewer shocks per 
hour than the 1.7 mA/I1 sec) condition (Wilcoxon matched 
pairs signed rank test). 


'These data are drawn from the doctoral dissertation of H.S.S. (1970) supervised by W. B. W. This report has been written, with permission, by 


W.B.W. 
*Requests for reprints should be addressed to Wilse B. Webb. 
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DAY OF DEPRIVATION 


FIG. 3. Sleep latencies at noon and midnight for two sleep deprived 
animals. Figure above Day mark= Midnight. 


EXPERIMENT II 
Method 


This experiment used a ‘‘non punitive’’ procedure to 
maintain wakefulness for extended periods of time. In a pilot 
run, a rat, without electrodes, was kept awake for six days 
by passing him from person to person with the instructions to 
maintain activity and wakefulness without punishment. This 
involved moving the animal about, feeding and watering by 
hand, carrying it, placing it in open fields or on narrow 
perches. At the end of six days, though the animal would 
quickly go to sleep if left unstimulated, it remained alert and 
in apparent good physical condition. 

This procedure was then applied to two experimental 
animals for more extended periods of time. Both animals 
were surgically prepared for EEG sleep recordings with ex- 
tended flexible cables. The animals were recorded con- 
tinuously throughout the experiment. 

Student assistants were employed around the clock and 
instructed to maintain wakefulness by maintaining activity 
and utilizing novel environment or any procedure that did 
not involve punishing the animal. They were instructed how 
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FIG. 2. Percent weight loss for two sleep deprived animals. 


to detect sleep in the EEG record but soon learned to use as 
a primary cue the cessation of activity. 

The final form of deprivation used was highly variable in 
the ‘“‘non-punitive’’ procedure. Some assistants used a rock- 
ing platform or a narrow perch, some used incentives to 
escape to darkness or nesting materials, some used escape 
from a shallow water pan. Most used carrying the animal and 
walking on the “‘leash’’ of the electrode. None used physical 
punishment. 

The animals were weighed each day at noon and sleep 
latencies were obtained at noon and midnight by placing 
them in a 9X12 in. box and permitting them to go to sleep. 
Sleep was measured by a one min appearance of Slow Wave 
Sleep. 


Results 


One animal was kept awake for 12 days and 8 hr (296 hr). 
At that time it had developed a respiratory condition and was 
having difficulty breathing. A shallow water pan had fre- 
quently been used in keeping this animal awake which prob- 
ably contributed to the development of the respiratory con- 
dition. 

The second animal was kept awake for 15 days and 5 hr 
(365 hr). The procedure was terminated because the animal re- 
fused to eat or drink and suffered a sharp weight loss (Fig. 2). 

The primary observable effect of continued deprivation in 
both animals was an increasing general atonia. When lifted at 
the forelegs they would hang limply. Movements became 
slow and, if not stimulated, they remained immobile. If 
forced to jump downward they tended to sprawl and if placed 
upside down showed no righting reflex. However, there was 
no apparent sign of increased aggressiveness. 

There was an increasing weight loss for about eight days 
and this stabilized thereafter. As noted, the 15 day animal 
showed a sharp weight loss due to refusal to eat during the 
14th day. The percentage of weight loss for each animal is 
shown in Fig. 2. 

The sleep latencies measured at noon and midnight are 
shown in Fig. 3. No systematic relations were detected in 
association with the noon and midnight measurement. The 
overall trend is a reduction in latencies in the first three days 
followed by a stabilization in the 15-30 sec range for the rest 
of the deprivation period and with episodic longer latencies. 





SLEEP DEPRIVATION BY TWO METHODS 


TABLE 1 


BASELINE AND RECOVERY PERCENTAGES OF TOTAL SLEEP, SLOW WAVE AND 
PARADOXICAL SLEEP 





Experiment III 


Total Sleep Punitive 


Punitive 


Experiment IV 


Non Non 
Punitive Punitive 





Baseline 46 
Recov. I 60*(10) 
Recov. II 51 
Slow Wave Sleep 

Baseline 37 
Recov. I 47*(05) 
Recov. II 42 
Paradoxical Sleep 

Baseline 9 
Recov. I 13*(01) 
Recov. II 9 


52 
63* 
52 (10) 


42 
49*(05) 
44 (03) 





*Significantly different from Baseline (p><0.01). Dunnett test. 
( )Significance between conditions, t-Tests (two-tail). 
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FIG. 4. Estimates percent sleep time per day for two sleep deprived 
animals. 


These typically involved intensive grooming. The longer 
latencies in one animal in the later part of the deprivation 
period reflects the increasing respiratory distress. 

It is clear that some sleep was obtained by the animals. 
The amount was estimated by using ten minute samples from 
the recordings and obtaining the number of seconds of sleep 
present in each sample. The percentage of sleep in the 24 
samples of each day was used as an estimate of the sleep 
obtained during that day. These data are shown in Fig. 4. 

The overall estimated percentage of sleep time for the 12 
day animal was 2.7% and for the 15 day animal it was 5.4%. 
There is little evidence to suggest increasing difficulties in 
maintaining wakefulness as a function of deprivation time. 
There was, however, clearly an Experimenter effect. The 
decreasing amount of sleep obtained by the 15 day animal in 
the last two days was primarily the result of an exhortation 
by the supervising Experimenter (E) regarding the sleep 
being obtained by this animal. More objective evidence is 
seen when the estimated percentage of sleep obtained be- 


tween 8 a.m. and 8 p.m. is compared with that obtained 
between 8 p.m. and 8 a.m. For the two animals these were 
2.8% and 5.4% respectively. This is the reverse of what would 
be expected relative to the rats’ circadian rhythms but in 
accord with those of the E and the assistants. 


EXPERIMENTS III AND IV 


These experiments compared the recovery sleep resulting 
from the two deprivation methods. 


Method 


Experiment III used 6 male Long Evans hooded rats ini- 
tially 260 days of age. One day of baseline recording was 
obtained followed by 24 hours of deprivation by the non 
punitive method. An intensive effort was made to obtain 
total deprivation. There were then two days of recordings of 
recovery sleep and a recording of sleep on the eighth day 
after deprivation. Thirty-three days later the same animals 
were deprived of sleep for 24 hours using the shock proce- 
dure with a shock level of 1 mA/0.5 sec duration. Two days 
of recovery sleep recordings and a recording eight days later 
were obtained. 

Experiment IV used five male Long Evans hooded rats 
approximately 160 days of age. After two days of baseline 
recordings they were deprived of sleep by the shock proce- 
dure (1 mA/0.5 sec). This was followed by nine days of 
recordings of recovery sleep. Five male Long Evan rats, 
most closely matching the first set of animals, were selected 
from eight animals on the basis of two days of baseline re- 
cordings. These animals were deprived of sleep for 24 hours 
by the non punitive procedure. This was followed by nine 
days of recovery sleep recordings. 


Results 


Table 1 presents, for the two experiments, the mean 24 
hour percentages of Total Sleep, Slow Wave Sleep and 
Paradoxical Sleep. This is shown for the Baseline recordings 
(one day for Experiment III and common for both conditions 
and two day means for Experiment IV) and Recovery Sleep 
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on Day I and Day II. There were no significant differences 
between Baseline Sleep and sleep on Day VIII after depriva- 
tion and these data are not presented. 

Table 1 also presents the statistically significant results. 
The Dunnett test [15] was used to compare the recovery data 
with the baselines and appropriate t-tests were used to com- 
pare the deprivation conditions. These analyses indicate 
higher recovery levels for Total Sleep amounts and Slow 
Wave Sleep following the non punitive deprivation. 
Paradoxical Sleep levels also were higher in Experiment III, 
but this was not replicated in Experiment IV. 


GENERAL DISCUSSION 


An electric shock, contingently presented with the onset 
of sleep, resulted in sleep tendencies which did not permit 
the extension of sleep deprivation beyond about 24 hours. 
This is in contrast to the use of a treadmill procedure which 
sustained wakefulness in five animals for 26 days and one 
animal for 24 days [13]. More recently Rechtschaffen ef al. 
[12], using a modified treadmill procedure, reported sleep 
deprivation of rats for 5, 13, 19, and 21 days. Two rats, in the 
experiments reported here, were sleep deprived for 12 and 15 
days with a procedure using limited contingent punishment. 

A source of uncertainty in interpreting these differences is 
the fact that the extended procedures permitted some sleep. 
This was not measured in the first extended treadmill study 
but the possibilities of ‘micro sleep’’ episodes were noted 
[1,12]. Rechtschaffen er al. reported 12.6% sleep time in their 
experimental animals. The present experiment estimated 
2.8% and 5.4% sleep for the two animals. Thus the extension 
of the deprivation time may be attributable to limited sleep 
opportunities. 

Alternatively, sleep as a response to contingent punish- 
ment has been previously noted and discussed. Pavlov con- 


sidered sleep to be a form of internal or ‘protective’ inhibi- 
tion: **. . .The progressively developed inhibition, which it- 
self can be regarded as functional extinction, but which is the 
result of exhaustion, assumes the role of a protector of corti- 
cal elements, preventing any excessive fatigue or dangerous 
functional destruction. . .Such a state of widely spread inhi- 


bition. . .is familiar to all of us as the common and every day 
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occurrence of sleep. . .Sleep and what we call internal inhibi- 
tion are one and the same process.” ({10], page 250). His 
theory was partially based upon his laboratory observations 
of dogs falling asleep in the presence of sustained shock 
being used as an UCS and in the presence of conflicting CSs 
[11]. 

Oswald [8] reviews evidence relating to sleep as a 
*‘provoked response’’ (pages 146-167). In particular he cites 
a report by Jouvet and Hernandez-Peon [2] of EEG sleep 
responses in cats in response to electric shock and reviews 
his own experiments with six human subjects ‘‘who received 
electric shock (and) sleep appeared in four subjects. Power- 
ful shocks were given. . .Sleep tended to appear between 
each shock. . .”’ (page 151). 

These earlier observations suggest that sleep may occur 
as a response to traumatic or conflictual stimulation and, as 
in this experiment, to the contingent punishment of the sleep 
response by shock. There is evidence from Experiments III 
and IV that different deprivation procedures show different 
recovery characteristics. Both experiments indicate higher 
recovery data from the non punitive measures in terms of 
both total sleep and sleep architecture. The latter findings 
suggest that these findings are not simple reflections of sleep 
avoidance tendencies. 

The results for the extended deprivation, although for 
only two animals, are noteworthy. As with treadmill experi- 
ments [12,14], there was a weight loss. However, the weight 
loss tended to become asymptotic until the development of 
the pulmonary condition in one animal and the refusal to eat 
in the other. Both animals showed evidence of increasing 
atonia and general unresponsiveness. However, as in an ear- 
lier treadmill experiment [13], sleep latencies did not show 
systematic decreases and the amount of sleep obtained 
showed no marked increases. In short, while the animals 
showed increasing physical incapacity, the sleep tendencies 
did not show parallel marked enhancements and did not 
reach the high level shown by the shock contingent group. 

The data generally demonstrate that the method of main- 
taining wakefulness may significantly effect sleep depriva- 
tion measures, particularly in terms of the length of time that 
sleep deprivation may be extended. 
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SCLAFANI, A. AND M. ABRAMS. Rats show only a weap. preference for the artificial sweetener aspartame. PHYSIOL 
BEHAV 37(2) 253-256, 1986.—The preference of adult female rats for aspartame (L-asparty L-phenylalamine methy] ester) 
was measured using 24 hr/day and 30 min/day two bottle preference tests. At aspartame concentrations that humans find 
sweet (0.0125% to 0.05%) the rats failed to prefer aspartame to water. At higher concentrations (0.1% to 1.0%) half (n=11) 
of the rats tested displayed mild (64%) to moderate (83%) aspartame preferences. The other half of the rats were indifferent 
or avoided the aspartame. Even at the most preferred concentration (1.0%) the rats’ aspartame preference was much less 
than their preference for saccharin or sucrose, and they showed little increase in total fluid intake when given the aspartame 
solution. The results indicate that aspartame is not very palatable to rats, and suggest that it has little or no sweet, i.e., 


sucrose-like, taste to rats as it does to humans. 


Aspartame Sucrose Saccharin Sweet taste 


Artificial sweeteners 





ASPARTAME (L-asparty-L-phenylalamine methyl ester) is 
an artificial sweetener that is 100 to 200 times as sweet as 
sucrose to humans [6,15]. Although somewhat less sweet 
than saccharin, humans report that aspartame has a more 
sucrose-like taste and, in particular, does not have the bitter 
aftertaste characteristic of saccharin [15]. Aspartame, there- 
fore, has replaced saccharin in many commercially prepared 
foods. 

Aspartame has also been used as a “‘sweetener’’ in feed- 
ing experiments with laboratory rats [8,13]. However, there 
is little evidence that aspartame is palatable or tastes sweet, 
i.e., like sucrose, to rats. Two studies, in fact, suggest that 
rats do not prefer aspartame and do not taste it as similar to 
sucrose. Naim et al. [10] reported that rats were either indif- 
ferent to a 0.01% aspartame solution (0.00034 M) or avoided 
it in two-bottle preference tests with water. Using a con- 
ditioned taste aversion paradigm, Nowlis et al. [11] found 
that rats conditioned to avoid 0.29% aspartame (0.01 M) did 
not generalize their aversion to sucrose (0.1 M). Since each 
of these studies examined only a single concentration of as- 
partame it is possible that rats are attracted to aspartame at 
other concentrations. The present study, therefore, assessed 
the preference of rats for aspartame solutions using a wide 
range of concentrations. 





EXPERIMENT | 


METHOD 
Subjects 


Twelve female, Sprague-Dawley derived rats (CD strain, 
Charles River Laboratories, Wilmington, MA) weighing 
290-340 g were used. The animals were individually housed 
in stainless cages kept in an air conditioned vivarium main- 
tained at 21°C. As part of a previous study the rats had been 
fed synthetic diets containing either glucose or sucrose. In 
the present experiment they were given ad lib access to 
Purina Lab Chow (No. 5001) and tap water. 


Procedure 


The rats were first tested for their preference for sucrose 
by giving them 24-hr/day, two-bottle tests with 4% sucrose 
solution vs. water, and then 32% sucrose solution vs. water. 
Each test was two days in duration, and the position of the 
sucrose and water bottles was alternated daily. The rats 
were then given only water to drink (two bottles) for eight 
days before being tested with aspartame. Aspartame vs. 
water preference tests (24 hr/day) were conducted using the 
following aspartame concentrations: 0.0125% (4.24x10~* 


'This research was supported by grants from the National Institute of Arthritis, Diabetes, Digestive and Kidney Diseases (AM-31135) and 
the Faculty Research Award Program of City University of New York. Aspartame was generously supplied by the General Foods Corpora- 


tion. 
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FIG. 1. Mean (+SE) aspartame solution and water intake and total 
fluid intake (aspartame + water) as a function of aspartame concen- 
tration during 24 hr/day two-bottle preference tests (n=12). 


M), 0.025% (8.5x10-* M), 0.05% (1.7x10-* M), 0.1% 
(3.4x 10-* M), 0.5% (1.7 10-? M), 1.0% (3.4 10-? M), and 
2.0% (6.8 10? M). The solutions were presented in an as- 
cending order, and each was available for two consecutive 
days. Following the 2.0% test, the rats were given 1.0% as- 
partame and water for eight more days. They were next 
given the choice between the 1.0% aspartame solution and a 
0.05% saccharin solution for two days. 

The solutions were prepared using tap water and sucrose 
(commercial grade), sodium saccharin (Sigma Chemical Co., 
St. Louis, MO), and aspartame (L-asparty L-phenylalamine 
methyl ester, General Food Co., Tarrytown, NY). 

The aspartame solution and water intake data were 
analyzed using a two-way repeated measures, analysis of 
variance (ANOVA) test followed by tests of simple main 
effects at the individual concentrations. Total fluid intake 
data (water plus aspartame solution) were analyzed using a 
one-way repeated measures ANOVA followed by a 
Newman-Keuls test for individual comparisons. The sucrose 
vs. water, and saccharin vs. aspartame preference data were 
analyzed using dependent t-tests. 


RESULTS 


In the initial sucrose solution tests the rats displayed very 
strong preferences for the 4% and 32% sucrose solutions 
over water (4%: 166.4 vs. 6.8 ml/day, p<0.01; 32%: 66.9 vs. 
8.3 mi/day, p<0.01). The results of the aspartame preference 
tests are illustrated in Fig. 1. As a group the rats were indif- 
ferent to aspartame at low concentrations (0.0125% to 
0.10%), but reliably (p> <0.01) preferred aspartame to water at 
0.5% and 1.0% concentrations. At the 2.0% concentration, 
which represents a saturated solution, the rats consumed 
less (p <0.05) aspartame than water. There was considerable 
variability within the group, however, and some rats showed 
little or no aspartame preference at any concentration, while 
others showed mild preferences at the low concentration, 
and moderate to strong preferences at the high concentrations 
(see Experiment 2). Total fluid intake (water plus aspartame 
solution) was relatively unaffected by aspartame concentra- 
tion, although fluid intake was elevated by 5 to 12 ml at the 
0.5% and 1.0% concentrations, relative to the other concen- 
trations (p<0.05). 
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Following the test with 2.0% aspartame the rats were re- 
tested with the 1.0% solution for eight days, and they now no 
longer reliably preferred aspartame to water (29.9 vs. 20.4 
mi/day). When given the choice between the 1.0% aspartame 
solution and the 0.05% saccharin solution the rats strongly 
preferred the saccharin to the aspartame (111.8 vs. 6.6 
ml/day, p<0.01). 


DISCUSSION 


These results confirm the previous report that rats do not 
prefer a 0.01% aspartame solution to water [10]. However, 
the rats in the present experiment significantly preferred as- 
partame to water at higher concentrations (0.5%, 1.0%). 
Even at these concentrations, though, the aspartame was ap- 
parently not very palatable to the rats since they consumed 
only 68 to 75% of their fluid as aspartame, and increased 
their total fluid intake by a small amount. This contrasts with 
the 96% preference the rats displayed for the 4% sucrose 
solution, and their substantial intake of this solution (166.4 
mi/day). Furthermore, the 1% aspartame solution was much 
less preferred than the 0.05% saccharin solution, a saccharin 
concentration which is below the rat’s preference peak for 
saccharin (0.2%) [2]. 

While the rats initially preferred the 1% aspartame to 
water, they avoided the 2% aspartame solution. The latter 
finding is confounded, however, by the fact that this concen- 
tration was at the saturation point for aspartame, and some 
aspartame precipitated out of solution and coated the drink- 
ing spout. When retested with the 1% aspartame solution 
following the 2% test the rats no longer reliably preferred the 
1% aspartame to water. Whether this reduced preference for 
the 1% solution was related to the animals’ exposure to the 
2% solution, or was simply a result of repeated testing with 
the 1% solution is not known. The possibility that postinges- 
tive factors may influence the rat’s preference for concen- 
trated aspartame solutions must be considered, although 
there is no evidence that aspartame is toxic to rats, see 
[12,17]. 


EXPERIMENT 2 


The results of the first experiment revealed a significant 
aspartame preference in rats, although the preference was 
obtained only at high concentrations. That is, since aspar- 
tame is 100 to 200 times as sweet as sucrose to humans [15], 
the 0.5 and 1.0% aspartame concentrations that the rats pre- 
ferred are extremely high by human standards. It is possible, 
however, that the animals’ prior experience with the 4% and 
32% sucrose solutions may have influenced their response to 
the aspartame solutions. Therefore, in the present experi- 
ment aspartame preference was studied in naive rats. This 
experiment also examined the short-term drinking response 
to aspartame and further compared aspartame preference 
with saccharin preference. 


METHOD 
Subjects 


Ten Sprague-Dawley derived female rats (CD Strain, 
Charles River Laboratories, Wilmington, MA) weighing 
230-260 g were used. The animals were housed as in Exper- 
iment 1. 


Procedure 


The rats were given 24-hr/day two-bottle aspartame vs. 
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FIG. 2. Mean (+SE) aspartame solution and water intake, and total 
fluid intake (aspartame + water) as a function of aspartame concen- 
tration during 24 hr/day two-bottle preference tests (n= 10). 


water preference tests using the following aspartame concen- 
trations 0.025%, 0.05%, 0.1%, 0.5%, 1.0%. Each concentra- 
tion was available for two consecutive days, except that the 
rats were tested for an additional four days with the 1.0% 
solution. Following these tests, the rats’ preference for 1.0% 
aspartame vs. water was tested during 30 min/day sessions 
for four days. Food and water remained available ad lib dur- 
ing these short-term tests, and the rats were then given two 
additional 30 min/day preference tests while food deprived. 
That is, the rats were given no food in the 24 hr period prior 
to the first additional test, and were then given 10 g of food in 
the 24 hr period prior to the second test; water remained 
available ad lib. 

Following the aspartame tests, the rats were tested for 
their preference for a 0.2% saccharin solution vs. water for 
two days. They were then given 30 min/day 0.2% saccharin 
vs. water preference tests under food ad lib and food de- 
prived conditions using the procedure described above. 

The data were analyzed as in Experiment | using one- and 
two-way ANOVAs and, where appropriate, dependent 
t-tests. 


RESULTS 


As illustrated in Fig. 2, the rats displayed only small and 
nonsignificant preferences for the aspartame solution over 
water. Total fluid intake was also not affected by aspartame 
concentration. The rats showed the largest, but still nonsig- 
nificant, preference for the 1% aspartame solution over 
water (60.1% preference). When tested with this solution for 
an additional four days the rats displayed a reliable (p<0.05) 
preference during the first two days (70.3%), but not during 
the next two days (57.8%). Thus, over the 6-days of testing 
with this concentration, the rats failed to significantly prefer 
1% aspartame to water. 

The rats also did not reliably prefer the 1% aspartame 
solution to water during the 30 min/day tests, and their in- 
takes were quite low (1.8 vs. 0.8 ml/30 min). Food depriva- 
tion failed to increase their aspartame preference or intake 
(aspartame vs. water: 1.5 vs. 0.5 ml/30 min). With the 0.2% 
saccharin solution, on the other hand, the rats displayed a 
very strong preference for saccharin over water both during 
the 24 hr/day tests (152 vs. 4.4 mi/day, p<0.01) and 30 
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FIG. 3. Mean (+SE) percent aspartame solution intake of aspartame 
preferrers (n=11) and nonpreferrers (n=11) as a function of aspar- 
tame concentration. 


min/day tests (6.0 vs. 0.5 ml, p<0.01). Furthermore, when 
food deprived the rats increased their 30 min/day saccharin 
preference and intake (saccharin vs. water: 9.1 vs. 0.1 ml, 
p<0.01). 

Although as a group the rats in the present experiment did 
not display a reliable aspartame preference, there was var- 
iability among the individual animals; some were indifferent 
or avoided the aspartame, while others showed mild to mod- 
erate aspartame preferences. A similar distribution of re- 
sponses was observed in Experiment 1, and therefore a post 
hoc analysis was performed using the subjects from both 
experiments. The animals (n=22) were divided into aspar- 
tame ‘‘preferrers’’ (n=11) and “‘nonpreferrers”’ (n=11). (The 
preferrers had a 75% or greater aspartame preference at two 
or more concentrations, while the nonpreferrers had a 75% 
aspartame preference at one or none of the concentrations 
tested.) As illustrated in Fig. 3, the percent aspartame pref- 
erence of the preferrers was greater (p<0.01) than that of the 
nonpreferrers at all concentrations (0.025% to 1%). The pre- 
ferrers, however, did not reliably prefer aspartame to water 
at the lower concentrations (0.025 or 0.05%) but only at the 
higher concentrations (0.1% to 1.0%; p<0.01). Furthermore, 
at the most preferred concentration (1%) the rats’ aspartame 
preference (83%) was below the 95-98% preference they 
showed for the saccharin solutions or the 4% sucrose solu- 
tion. Also, while the preferrer rats consumed more aspar- 
tame solution than did the nonpreferrer rats, the total fluid 
intakes of the two subgroups did not reliably differ overall 
(47.8 vs. 44.4 ml/day) or as a function of aspartame concen- 
tration. 


GENERAL DISCUSSION 


The rats in the present experiment displayed less of an 
aspartame preference than did the animals in the first exper- 
iment. Therefore, the failure of the rats in Experiment | to 
show a more robust aspartame preference cannot be attrib- 
uted to their prior experience with sucrose. If anything, their 
experience with the sucrose solutions may have enhanced 
their preference for aspartame. The rats in the first experi- 
ment were older and heavier than those in the present exper- 
iment, and this may also account for the different results 
obtained in the two experiments. 
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The finding that the rats in both experiments, including 
rats selected as aspartame ‘‘preferrers,’’ did not prefer as- 
partame to water at concentrations (0.025% to 0.05%) that 
are sweet to humans suggests that rats and humans differ in 
their taste response to aspartame. This is not too surprising 
since rats also fail to display a preference for other com- 
pounds that are sweet to humans (cyclamate, dulcin, 
neohesperiden dihyrochalcone) [4, 10, 11, 19]. In addition to 
rats, other species of rodents also appear not to taste aspar- 
tame as sweet, i.e., like sucrose; hamsters do not generalize 
a conditioned aspartame aversion to sucrose [11], and aspar- 
tame does not stimulate the chorda tympani nerve in the 
gerbil [7]. On the other hand, rats and other rodent species 
are very attracted to the taste of starch-derived polysac- 
charides which humans find bland-tasting at low concentra- 
tions and unpleasant at high concentrations [3]. 

While aspartame was not preferred to water at the lower 
concentrations tested, about half of the rats in both experi- 
ments preferred aspartame at the higher concentrations 
(0.1% to 1%). Even among these preferrers, however, the 
aspartame preference at the higher concentrations was not 
very great, and the rats showed little or no increase in their 
total fluid intake when offered the aspartame solutions. Fur- 
thermore, the rats consumed much less 1% aspartame than 
4% sucrose or 0.05% or 0.2% saccharin, and did not increase 
their aspartame preference or intake when food deprived. At 
best then, aspartame is only weakly preferred by rats, only at 
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high concentrations, and only by half of the animals. 
Whether the rats that did prefer the high concentrations of 
aspartame did so because it tasted sweet, i.e., sucrose-like, 
to them cannot be determined on the basis of the present 
data. The finding that rats do not generalize a conditioned 
aspartame aversion to sucrose suggests that aspartame does 
not have a sucrose-like taste [11]. Since aspartame is derived 
from two amino acids and rats show mild preferences for 
some amino acid solutions [5,14], their aspartame preference 
may result from the activation of amino acid taste receptors 
rather than sugar taste receptors. 

Only female rats were tested in the present study, but it 
seems unlikely that male rats would be more responsive to 
aspartame than are female animals. In general, female rats 
show stronger preferences for sweet-tasting solutions (sac- 
charin, sugar) than do male rats [18]. Also, the two previous 
studies that found that rats do not prefer aspartame to water 
or taste it like sucrose used male rats [10,11]. 

In summary, the present results, along with previous find- 
ings [10], indicate that rats do not prefer aspartame solutions 
at low concentrations. At higher concentrations, some rats 
display a preference for aspartame, but the preference is not 
very robust, and does not necessarily occur because the as- 
partame has a sucrose-like taste. Therefore, to date the only 
artificial sweetener that rats respond to is saccharin, and 
even saccharin does not appear to be very palatable to rats [1, 
9, 16, 20). 
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SUSIC, V. AND G. MASIREVIC. Sleep patterns in the Mongolian gerbil, Meriones unguiculatus. PHYSIOL BEHAV 
37(2) 257-261, 1986.—Sleep patterns were studied in Mongolian gerbils and normative values were derived from 48 hour 
recordings, during a 24-hr light-dark cycle (LD 12:12). Behavioral and electrographic observations confirmed the existence of 
well defined sleep states: slow-wave sleep (SWS) and paradoxical sleep (PS). During the light period, sleep occupied 
slightly more than half of the 12 hour period, 57.13+0.002% out of which 49.64+0.007% was occupied by SWS and 
8.07+0.007% by PS. There were 23+0.01 episodes of PS with a mean duration of 2.32+0.01 min. During the dark period, 
sleep occupied slightly less than half of the recording time (51.75+0.01%). They spent 41.62+0.006% in SWS and 
10.12+0.02% in PS. The number of PS episodes was 32+0 with a mean duration of 2.28+0.01 min. Sleep cycle duration was 
7.80+3.76 min. The ratio day/night sleep was 1.17+0.002 min. We found that the gerbil in captivity, unlike most rodents 
that are nocturnal, is a crepuscular animal, being more active at the transitions between light and dark. 
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AMONG various sleep parameters in the study of sleep, two 
are most important; these are: sleep duration and placement 
of sleep within the light-dark cycle (24-hr day). Theories re- 
garding the function of sleep are mainly based on these two 
variables since they are linked with factors such as metabolic 
rate, brain weight, body size, animal age and various en- 
vironmental conditions (temperature, predatory danger, food 
availability and seasonal variations) [3, 16, 17]. 

The present paper is concerned with investigating the 
sleep-waking pattern of the Mongolian gerbil (Meriones un- 
guiculatus), since the available data are limited [7]. Obser- 
vations of the Mongolian gerbil’s natural history in its habitat 
are brief and incomplete. Field reports suggest that Meriones 
unguiculatus is naturally diurnal, although active both during 
day and night throughout the year with a tendency toward 
crepuscular habit. Gerbils could be observed at any time 
during the day, but they were most often observed between 
sunset and dark ‘‘gamboling in front of their burrows” 
[1,11]. Experimental observations revealed that when gerbils 
were given a free choice, they preferred a dark environment 
to a light one. They were also more active in exercise wheels 
during the dark period under the 12:12 light-dark conditions, 
and this pattern was maintained after the reversal of the light 
cycle [12]. Seizure frequency and intensity can be more eas- 
ily induced during the dark [13]. These evidences are consis- 
tent with nocturnal habit. 


METHOD 


Nine adult Mongolian gerbils of both sexes, approxi- 
mately 1 year old (mean body weight 69.89 g) were used. The 





gerbils were maintained in stable light-dark (LD) 12:12 en- 
vironment for at least three weeks before implantation. 
Electrodes for polygraphic recordings were implanted 
under sodium pentobarbital (Nembutal) anesthesia (40 mg 
kg™' IP). For electrocorticographic (ECoG) recordings four 
gold plated screws were used; two, 2 mm posterior to 
bregma and two, 2 mm anterior to lambda, 1-3 mm left and 
right of midline. To obtain a good ‘*‘hippocampal theta’’ dur- 
ing paradoxical sleep, two depth electrodes made from 28 ga 
stainless steel non-insulated wire of 2-3 mm in length were 
inserted into the gerbil’s brain between bregma and lambda, 
so that it passed through the cortical layers and into the 
hippocampus. Recording from both layers was desirable: 
slow waves from cortical layers and theta waves from hip- 
pocampus. Histology revealed that electrodes were in hip- 
pocampus in all animals. Bipolar recordings from ipsilateral 
electrodes were used. Stainless steel wires were bared at the 
tip and inserted into the dorsal neck muscles for elec- 
tromyographic (EMG) recording. The electrocardiogram 
(EKG) was also recorded from these leads when levels of 
EMG activity were low and record free from artefacts. 
Electrode leads were crimped into female Amphenol mini 
connector pins embedded in a plastic block. The block was 
then fixed to the skull with dental acrylic cement. The re- 
cording cable was attached immediately after surgery, and it 
terminated in a mercury slip ring assembly allowing the 
animals freedom of movement. Recordings were taken on 
RIZ model EEG machine at a paper speed of 0.75 cm sec™'. 
Two animals were simultaneously recorded. They were 
housed in individual transparent plastic cages (19x 12x13 
cm) filled with wood shavings, within a shielded, sound at- 
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FIG. 1. The tracings present waking, slow-wave sleep and paradoxical sleep for Mongolian 
gerbil. ECoG—electrocorticogram; Hippo—hippocampus; EMG—electromyogram of the neck 


muscles plus EKG—electrocardiogram. 


tenuated and temperature (20°C) controlled chamber with 
one-way glass for visual observations. The animals lived in 
their recording cages to adapt themselves to recording con- 
ditions which began at least one week after surgery under the 
(12:12) light-dark cycle (light on at 7 a.m.). The illumination 
at the cage level was measured by Luxmeter Gossen, Panlux 
electronic (light 110 lux; dark, dim red light 2-3 lux). It 
should be noted that these intensity data constitute only ap- 
proximations of the effective light intensity impinging on the 
gerbil’s eyes, which the animal can modify by making behav- 
ioral adjustments (by tucking its head under its body and by 
burrowing into the wood shavings). The recording lasted for 
2 consecutive days. No entrance into the experimental room 
was allowed during this time. Food (Purina rat chow) and 
water were available all the time. 

Recordings were scored in 20 sec epochs for: wakefulness 
(W), slow-wave sleep (SWS) and paradoxical sleep (PS). 
Visual observations noted on the paper as it came off the 
machine were used as an aid in scoring the records. 

During behavioral waking (drinking, digging and explora- 
tion) the EEG of low-voltage, high frequency activity with 
transient hippocampal theta waves was recorded. During 
behavioral quiescence, the eyelids were usually closed. 


Gerbils slept most frequently in a sterno-abdominal position, 
with the head completely tucked under the body and the 
body burrowed into wood shavings. This posture was asso- 
ciated with the appearance of spindles (9-14 Hz) and slow- 
waves of high amplitude in EEG, and reduced but sustained 
EMG activity of the neck muscles. This shifted to a pattern 
of low voltage fast waves and regular theta rhythm from 
EEG leads (7-9 Hz) and disappearance of EMG activity. 
Behaviorally, frequent eye movements and myoclonic jerks 
were seen during this time. They characterized PS periods 
which always began with high amplitude low frequency 
‘*bursts’’ recorded from the cortex; the same ‘‘bursts’’ were 
usually seen signaling the termination of PS periods. For 
computing the length of the sleep stages, this activity was 
counted as PS. The PS termination was signaled by the ap- 
pearance of EEG desynchronization and postural adjust- 
ments of short duration. Clear EEG pattern differences, 
corresponding to the W, SWS and PS were found in all 
animals (Fig. 1). 

In addition to calculating the amounts of behavioral 
states, several sleep parameters were also calculated: total 
sleep time (TS), percentage of SWS and PS from TS, mean 
number and mean length of PS periods for each individual 
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FIG. 2. Daily distribution of behavioral states. Curves represent 
hourly mean values from 9 animals recorded on two successive 
days. The limit between the light and dark phase is indicated by an 
interrupted line. W, SWS and PS are expressed in minutes (solid 
lines) and as percentages of total recording time (dotted lines) (a, b, 
c). PS expressed as percentage of total sleep (d). Values plotted at 7 
a.m. apply to the period from 7 a.m. to 8 a.m. 


TABLE 1 


MEANS AND STANDARD DEVIATIONS OF SLEEP PATTERN 
CHARACTERISTICS FOR MONGOLIAN GERBIL 





Light period Dark period 





W/TRT 

SWS/TRT 

PS/TRT 

TS/TRT 

SWS/TS 

PS/TS 

No. PS periods 

PS length (min) 

Sleep cycle length (min) 


41.39 + 0.006 
49.64 + 0.007 
8.07 + 0.007 
57.13 + 0.002 
86.72 
13.27 
23.00 
2.32 
7.81 


48.22 + 0.18 
41.62 + 0.006 
10.12 + 0.02 
51.75 + 0.01 
80.24 + 0.02 
19.74 + 0.006 
32.00 + 0 
2.28 + 0.01 
7.53 + 2.44 
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TABLE 2 


STATISTICAL EVALUATION OF THE DIFFERENCES OF HEART RATE (BEATS/MIN) DURING BEHAVIORAL 
STATES AND ACROSS LIGHT-DARK CYCLE IN 3 MONGOLIAN GERBILS (MERIONES UNGUICULATUS) 





Heart Rate in Minutes 


Behavioral 


States mean SD CV 


SD CV 





WwW 400.028 
352.205 40.761 
369.410 42.976 


W vs. SWS) p<0.01 
SWS vs. PS p<0.05 
W vs. PS p<0.01 


35.004 8.750 
11.573 


PS* 11.634 


433.903 
391.500 
404.286 


33.548 
37.134 
32.940 


W vs. SWS) p<0.01 
SWS vs. PS NS 
W vs. PS p<0.01 


7.732 
9.485 
8.148 





n=Number of one-minute samples. 
*First minute of PS. 


animal. When periods of SWS were followed by PS periods 
uninterrupted by a waking period, sleep cycle length was 
computed by counting the number of minutes from the be- 
ginning of one PS period to the beginning of the next one. 

Heart rate per minute was measured as follows: in the last 
minute of SWS just preceeding the PS period; in the first 
minute of a well developed PS episode and in the first minute 
of waking after PS termination, one minute or more in 
length. Heart rate (HR) in one-minute samples from each of 
the three states was visually counted, thereby yielding 
measures of mean HR and variability during behavioral 
states. Changes in the HR and its variability across behav- 
ioral states and during the light-dark cycle were tested using 
two factor analysis of variance. 


RESULTS 
Daily Distribution of Sleep 


Hour by hour analysis showed that all gerbils exhibited 
clear circadian rhythms in W, SWS and PS (Fig. 2). The 
gerbil’s daily sleep pattern was characterized by almost 
equal amounts of waking and sleep in the light and dark phase. 
The total amount of sleep as well as SWS and PS show 
a slight oscillation across the light-dark cycle (LD). Reduc- 
tion of both sleep states were seen at the LD transition. 
During the dark an increase in PS expressed in minutes was 
seen; this increase becomes more prominent when PS is ex- 
pressed as percentage of TS. 

As can be seen from Table 1, gerbils slept slightly more 
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during the light than the dark period and this was due to 
greater amount of SWS during that time. Opposite trends of 
SWS and PS were seen across the LD cycle. Percentage of 
PS was smaller during the light when the amount of SWS was 
higher. On the contrary, percentage of PS was higher during 
the dark when the amount of SWS was lower. Increased PS 
was due to increase in PS frequency without change in the 
mean duration of PS periods, suggesting involvement of 
triggering effects of darkness on PS mechanism. 

Statistical analysis of the heart rate and its variability 
across behavioral states and for LD cycle is shown in Table 
2. There were significant differences for W, SWS and PS as 
an effect of lighting conditions. In all three behavioral states 
HR was smaller during light than dark; these differences 
were statistically significant (p<0.001). 

Coefficient of variation (CV) also indicates that variability 
of HR in all three behavioral states is different being slightly 
higher during the light period as compared to the dark 
period. 

Heart rate variability during waking is rather small in both 
lighting conditions as compared to SWS and PS. It is inter- 
esting that heart rate variability was almost identical for 
SWS and PS, being even more variable during SWS than PS 
for the dark phase. 

Two factor analysis of variance for HR in W, SWS and PS 
showed significant differences between behavioral states, 
F(2,464)=26.588, ps<0.01, or light-dark condition, F(1,464) 
=49.002, ps<0.01. The interaction of behavioral states and 
light-dark condition was not significant, F(2,464)=0.105, 
>0.05. Regardless of lighting conditions, the transition from W 
into SWS was followed by a tonic decrease in HR; this decrease 
was Statistically significant (p><0.01). The progression into PS 
from SWS was followed by an increase in HR—this difference 
was significant only during the light period. Waking HR was 
significantly higher from HR during PS in both lighting condi- 
tions (p<0.01). 


DISCUSSION 


Total amount of sleep for gerbil was almost equal to val- 
ues reported for mouse [9], rat [4], hamster [15], squirrel 
[10,15], chinchilla [15], guinea pig [6], rabbit [8] and cat [14]. 
This suggests that polycyclic mammals sleep relatively equal 
amounts of time in ad lib laboratory environments, where no 
particular requirements are placed on the animal. In natural 
settings, ecological factors such as food-getting, pray- 
predator relationships, breeding and heat tolerance probably 
affect the total amount of sleep and its distribution within the 
light-dark cycle. As for the distribution of sleeping time, 
species of rodents may substantially differ being diurnal 
[5,15] or nocturnal [4,9]. We have found that the gerbil di- 
vides its sleep relatively uniformly across the photoperiod. 
Some field reports [11], indicate that these animals, being 
fossorial, must spend a good part of time in underground 
activity. Also, considering the gerbil’s high degree of heat 
tolerance, it could spend time in activity outside of the dark 
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burrows during daylight hours. The gerbil, unlike most ro- 
dents studied, exhibits a crepuscular pattern with most wak- 
ing at the transitions between light and dark. This is in sharp 
contrast with typical nocturnal behavioral pattern of rat in 
which waking predominates during the dark phase and sleep 
during the light phase [4]. Records of the daily sleep-waking 
rhythms in the mouse show similar state distribution [9]. 

It is possible that illumination induces masking effects on 
sleep states. Judging by the magnitude of differences in the 
amounts of sleep states, which are small, they can be hardly 
ascribed to lighting conditions. Rather, neither light nor dark 
is a stressful condition for gerbil, and if so, neither should 
have any effect on sleep distribution. Our data support this 
opinion, since animals spent large portions of their time in 
both, the light and the dark environments. Whether or not 
the changes in illumination in the gerbil’s natural setting af- 
fect brain processes which underline its sleep-waking behav- 
ior can not be satisfactorily answered since available data on 
the ecophysiology of the gerbil are too limited. 

Gerbils total sleep is mainly determined by SWS time. 
This may reflect metabolic rate (more than 1 ml O./g/hr); 
such correlation between the metabolic rate and SWS is al- 
ready established [17]. 

As for the amount of PS, the % PS/TS does not differ 
much from that for the guinea pig, mouse or chinchilla, while 
differences exist for the hamster and squirrel. PS mean 
length is similar for mouse, rat and chinchilla [4, 9, 15]. The 
sleep cycle length for the gerbil is well within the values 
reported for mouse, rat, hamster, squirrel, chinchilla and 
mole, as would be expected if sleep cycle length covaries 
with metabolic rate [17]. 

During SWS prominent spindle activity was present, 
which is reported to occur less often and more poorly de- 
veloped in some rodents [15]. 

Heart rate during waking and sleep are summarized in 
Table 2. It is noteworthy that HR was less variable during W, 
than during SWS and PS. Heart rate variability was almost 
identical during SWS and PS (even slightly less during PS). 
In this respect, gerbils are similar to mole [2] but differ from 
other mammals in which HR is considerably more variable 
during PS. 

The gerbil has not been extensively examined regarding 
sleep measures, and there is only one study in abstracted 
form to which our data could be directly compared. Kas- 
taniotis and Kaplan [7] found the gerbil to sleep slightly more 
during the light period, due to a diurnal weighting in PS. This 
is in contrast to our finding of more PS during the dark. They 
reported circadian fluctuation for W, SWS and PS; similar 
fluctuations were found in our study. Close inspection of 
their data demonstrated a clear crepuscular pattern of activ- 
ity. This is in agreement with our findings. 
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MISHIMA, N., F. HIGASHITANI, K. TERAOKA AND R. YOSHIOKA. Sex differences in appetitive learning of mice. 
PHYSIOL BEHAV 37(2) 263-268, 1986.—Learning abilities of male and female ddY mice were compared in two appetitive 
tasks (a lever-press task and an 8-arm radial maze task), and two avoidance tasks (a shuttle box task and a light-dark 
discrimination T-maze task). In the two types of appetitive learning, male mice were significantly superior to female mice. 
Sex differences were particularly apparent in the acquisition process. In contrast, there was no significant sex difference in 
learning of the two avoidance tasks. A sex difference in appetitive learning was not found in juvenile mice prior to sexual 
maturation, and the mice which had established a lever-press response as juveniles did not show any significant difference 
in the performance level when tested as adults. Thus, a sex difference appeared only in the acquisition stage of adult mice. 
These results suggest that there exists a sex difference in motivation level for hunting food but not for feeding, and that it 


causes a sex difference in appetitive learning. 
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THERE are some reports of sex differences in learning abili- 
ties of the rat. Female rats have been found superior to males 
in active avoidance learning [3, 18, 22]. In contrast, it has 
been reported that males are superior learners in appetitive 
learning [13,19]. Thus, sex differences have been found in 
some sexually unrelated behaviors [5]. 

There is little information as to learning abilities of both 
sexes of mice. There is only an observation that a sex differ- 
ence in repeated T-maze learning is not statistically signifi- 
cant [15]. We investigated a sex difference in aversive and 
appetitive learnings of mice. In rats, there is evidence of sex 
differences in locomotor activity [12, 14, 15] and emotional- 
ity [1,9]; the superiority of female rats in active avoidance 
learning is thought to be related to sex difference in emo- 
tionality and locomotor activity [10]. In mice, however, such 
a distinct sex difference has not been observed in locomotor 
activity and emotionality [8,17]. 

From our pilot work, it was found that ddY mice can 
establish stable lever pressing in one or two daily sessions of 
40 minutes; Wistar rats required more than several sessions 
and the response was occasionally unstable. Consequently, 
it appears that mice are more profitable subjects for the 
study of acquisition of appetitive, lever press learning. 

In the present study, we employed two different types of 
appetitive and aversive learning to compare learning abilities 
of the two sexes of mice. It was demonstrated that there are 
distinct sex differneces in the acquisition process of appeti- 
tive learning of mice. By contrast, no sex difference was 
observed in two kinds of avoidance learning. 


EXPERIMENT I 
Three strains of mice (ddY, BALB/c and CBA) were 


trained to press a lever for food reward. If the amount of 
food reward obtained during each training session is enough 
to satiate the subjects, motivation to press the lever may be 
lower in a later part of each session. Though a small food 
pellet is desirable for this reason, acquisition rate of lever 
press response may be reduced when the amount of rein- 
forcement is small. On the other hand, if a larger amount of 
food is given as a reward, it takes a longer time to consume it 
and the following lever press may be delayed. In our situa- 
tion, we found that one millet seed per press results in a more 
rapid acquisition that two or more millet seeds. Accordingly, 
training subjects were not satiated during each training ses- 
sion, since only one millet seed was used as a reward per 
pressing. Under this condition, acquisition of lever pressing 
was compared in males and females of three strains of mice. 
Furthermore, learning ability of each sex in an 8-arm radial 
maze task was examined using ddY mice. 


METHOD 
Subjects 


For the lever press task, equal numbers of each sex of 20 
ddY mice, 20 BALB/c mice and 18 CBA mice were used and 
20 subjects of each sex of ddY mice were used for the radial 
maze task. Equal numbers of each sex of 30 ddY, 28 BALB/c 
and 24 CBA mice were used for measurement of daily food 
intake. All subjects were bred in our laboratory from 
commercially-obtained breeding stocks. At the beginning of 
the training, animals were 70-90 days old and experimentally 
naive. Throughout the experiment, usually 5 subjects of each 
sex were housed together in a plastic cage under a 12-12 light 
dark cycle. Two days prior to training, food was removed, 
and water was available ad lib. The body weights of males 
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FIG. 1. Learning curves of an appetitively motivated lever press 
task by males and females. Each point of the curves represent the 
mean number of responses per min calculated from the responses 
during each time period of 10 min. One-day session intervals were 
represented by broken lines. Males are significantly superior to 
females, p<0.01. 


and females of ddY mice on the first training day were 


84.9+3.9 and 85.2+4.3% of the free-feeding body weights, 
respectively. 


Lever Press Task 


Training was carried out in a one-lever operant- 
conditioning chamber for mice (12x 15x12 cm). The lever 
was 3 cm long, 1.5 cm wide and 0.3 cm in height and 2.5 g of 
force was required to press the lever. One millet seed (4.5 
mg) was given in a pocket located 7 cm from the lever, im- 
mediately after each pressing. Duration of a session was 40 
min. After 2 days fasting, the first session started with 
neither handling nor shaping. At the end of each training 
session, a restricted amount of food (10% of body weight) 
was given in the home cage. The second or third session 
began after a 24-hr intertraining interval. The number of 
lever presses was counted and recorded. 


8-Arm Radial Maze Task 


The apparatus was an elevated 8-arm radial maze. The 
height of the maze was 10 cm above a table. The width of 
each arm was 5 cm and its length was 30 cm. The diameter of 
the center platform was 15 cm. A food cup (1.5 cm in diame- 
ter and 0.5 cm in height) was located at the outer end of each 
arm. The presence of food in the cup was not visible to the 
mouse on the center platform. 

For two days before the start of the training, mice were 
allowed to freely explore the apparatus for 5 min/day in order 
to habituate to it. The number of arms explored during a 
5-min habituation period was counted to determine the back- 
ground level of general activity in the apparatus. On the 
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FIG. 2. The mean number of spontaneous lever press responses by 
fasted males and females. Each point represents the mean number of 
responses under non-reward condition. No significant difference 
among the two sexes. 
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FIG. 3. Learning curves of an 8-arm radial maze task. The ordinate 
represents the mean number of error choices in each trial. Training, 
each of 10 trials, was carried out on two consecutive days. Males 
make significantly fewer errors than females, p<0.01. 


training day, a small food pellet (4 mg) was put into each food 
cup located on the end of every other arm. The food reward 
was given for a correct arm-selection. A correct response 
was defined as the first choice of the correct four arms. At 
the beginning of each trial, a mouse was placed on the center 
platform and allowed to freely investigate the arms until 4 
pieces of food had been obtained or until 10 min had elapsed. 
Two males and 4 females in each group failed to find all 4 
food rewards within a 10-min period, almost all in the earlier 
part of the first training day. Each 10 trials were given on the 
consecutive two training days under fasting situation. The 
intertrial interval was approxiamtely 15 min. 


RESULTS 


The mean learning curves of each sex of three strains of 
mice are shown in Fig. 1. It can be seen that the learning 
curves of males were clearly higher than those of females in 
all three strains. For ddY mice, the acquisition level of male 
mice at the end of the first session was 4.5 presses/min, but 
that of female mice was only 1.4 presses/min. However, at 
the end of the second session, the female mice reached a 
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FIG. 4. Locomotive activities of fasted male and female mice on a 
radial maze. The ordinate represents the number of chosen arms in 
each minute by subjects allowed to freely choose arms under non- 
reward condition. No significant difference among the two sexes. 


level comparable to the male’s acquisition level. Analysis of 
variance of the scores of the acquisition sessions revealed a 
significant change over time periods, F(7,126)=11.04, 
p<0.01, and a significant sex effect, F(1,18)=7.72, p<0.01. 
Further, sex xX time period interaction was significant, 
F(7,126)=3.21, p<0.05. Thus, it was demonstrated that male 
ddY mice were more rapid in the acquisition of the lever 
press behavior than female ddY mice. 

BALB/c mice acquired the response as rapidly as ddY 
mice, but retention tested on the following day was not as 
good as for ddY mice. In BALB/c, significantly more rapid 
male acquisition was also found; there were significant 
differences over time periods, F(7,126)= 19.9, p<0.01, effect 
of sex, F(1,18)=13.3, p<0.01, and sex x time period inter- 
action, F(7,126)=3.37, p<0.01. There was also a significant 
sex difference in the learning curve of CBA mice. Analysis of 
the scores of three acquisition sessions revealed a significant 
change over time periods, F(23,368)=9.77, p<0.01, effect of 
sex, F(1,16)= 13.89, p<0.01, and sex x period interaction, 
F(1,16)= 13.89, p<0.01. The CBA mice required more ses- 
sions to establish the lever pressing behavior than did ddY or 
BALB/c. 

Although the acquisition rates were different in the three 
strains of mice, the acquisition by females was significantly 
slower than males in all the strains tested. 

The amounts of daily food intake by males were generally 
greater than those of females and also, body weights of males 
were larger than those of females. In ddY mice, the mean 
amounts of food intake of males and females were 4.2+0.49 g 
and 3.4+0.81 g, respectively. The mean body weights of the 
two sexes were 28.7+0.88 and 25.4+0.89 g. Thus, the rela- 
tive food intake per body weight was not substantially differ- 
ent between the two sexes. The daily food intake of BALB/c 
mice (male: 3.2+0.43, female: 2.5+0.32 g) was as small as 
that for CBA mice (male: 3.2+0.43, female: 2.8+0.32 g); 
BALB/c mice learned the task more quickly than CBA (Fig. 
1). These results indicate that the acquisition rate of the lever 
press behavior does not necessarily correspond to the 
amount of daily food intake or to body weight. 

The number of lever presses without food reward was 
determined in the test chamber for 40 min under the same 
fasting condition as training. 

The result in Fig. 2 demonstrates that the frequencies of 
spontaneously-occurring lever presses were not statistically 
different between males and females, F(1,28)<1. Further, 
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the same millet seeds as were used as reward during lever 
press conditioning were given ad lib, in the home cage, in 
order to measure the motivation level of food intake under 
the fasting condition. The mean amounts of food intake dur- 
ing 40 min, which is the same duration as that of training, 
was 2.2+0.21 g and 2.1+0.30 g in a starved male and in a 
starved female, respectively. These results demonstrate that 
there is no sex difference in background activities in the test 
chamber or in motivation for food intake ad lib. The sex 
difference appears only in acquisition of the task. 

A second appetitive task using an 8-arm radial maze was 
tested in two sexes of ddY mice. 

As shown in Fig. 3, there were also found distinctive sex 
differences in this spatial task. Variance analysis performed 
on the number of error choices demonstrated that males 
made significantly fewer errors than females, F(1,38)=7.39, 
p<0.01. 

The number of arms that were freely selected during 
5-min habituation sessions was determined for 2 days as an 
indicator of baseline locomotive activity on the apparatus. 
The result shown in Fig. 4 demonstrates that there is no 
significant sex difference in locomotive activity prior to 
learning. 

Consequently, it was demonstrated that the difference in 
the radial maze task performance was not due to sex differ- 
ence in locomotive activity, but rather it was specific to 
learning. 


EXPERIMENT II 


Since significant differences between the sexes was found 
in the appetitive tasks of Exp. I, aversive types of learning 
were tested in male and female ddY mice. For active 
avoidance learning, a light-dark discrimination T-maze task 
and a shuttle box task were chosen, and locomotor activities 
of two sexes were measured in an open field test. 


METHOD 
Subjects 


Thirteen male and 13 female ddY mice were used for the 
T-maze training. Ten males and 10 females were used for the 
shuttle box task. For the open field test, 25 ddY and 15 
BALB/c of each sex were used. All subjects were 70 to 90 
days old. Food and water were available ad lib throughout 
the experiment. 


Light-Dark Discrimination T-Maze Task (T-Maze) 


Training occurred in a light-shaded T-maze apparatus. 
Details of this apparatus were described in an earlier report 
[16]. Electric foot shock (50 V AC, 0.5 sec on-0.5 sec off) 
began 5 sec after opening the guillotine door of the start box 
and was delivered until the subject ran into the goal box. The 
animals were trained to run into the lighted goal box within 5 
sec. The position of the goal box was changed from right to 
left after every trial. Each animal received 40 trials on the 
first training day and 20 trials on the second day. The inter- 
trial interval was approximately 60 sec. Percent of correct 
avoidance responses was evaluated. 


Shuttle Box Task 


The apparatus was divided into two equal components 
(15x 15x13 cm) by a center wall which had a small opening 
(3x3 cm) with a guillotine door. The apparatus was covered 
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FIG. 5. Avoidance learning curves of light-dark discrimination 
T-maze task and shuttle box task. Each point on the curves repre- 
sents the mean avoidance percentage calculated from avoidance re- 
sponses in each period of 10 trials. The broken line represents a 
one-day interval. No significant sex difference in T-maze and shuttle 
box task, respectively. 


with black sheets to shield from outside light. One compart- 
ment was illuminated with a ceiling lamp and the other was 
darkened. The subjects were trained to avoid electric shocks 
(50 V AC, 0.5 sec on-0.5 sec off) by running from the dark- 
ened compartment into the adjacent lighted compartment 
within 5 sec after opening the guillotine door. The subject 
spent each intertrial interval of 60 sec in an individual waiting 
bucket under dim light. The positions of the darkened and 


the lighted compartments were exchanged after every trial. 
Each subject received 30 trials per day. Correct responses 
per 10 trials were expressed as a percentage. 


RESULTS 


The mean learning curves of the T-maze avoidance task 
by male and female ddY mice did not significantly differ, as 
shown in Fig. 5-a, F(1,24)<1. In addition, no significant sex 
differences were found in shuttle box learning in Fig. 5-b, 
F(1,18)=1.89. 

Locomotor activity of ddY mice at 300 Lux in an open 
field (50x 50x 10 cm) were counted for 3 min. The mean am- 
bulation values of male and female were 150.0+38.1 and 
153.8+48.2 crossings/min, respectively. A f-test on these 
values indicates that the ambulation activities of the two 
sexes did not significantly differ (t=0.30). Similarly, a signif- 
icant difference in ambulation values was not observed in 
BALB/c mice (male: 77.1+29.4, female: 73.4+3) (t=0.33). 


EXPERIMENT III 


The object of this experiment was to investigate factors 
that may account for the observed sex difference in lever- 
press learning found in Experiment I. We explored the 
possibility that sex difference in learning ability appears be- 
fore sexual maturation (immediately after weaning) and that 
any sex difference in the performance of the lever press task 
persists in the fully matured animals. 


METHOD 
Individuals from 4 litters of ddY mice bred in our labora- 
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FIG. 6. Learning curves of appetitively-motivated lever press task 
by juvenile and adult mice. Each point of the curves represents the 
mean lever press responses per min calculated from responses for 
each period of 10 min. Each session continued for 40 min. *‘Square’”’ 
---- the first and second sessions were at 20-25 days of age and the 
third session took place when the mice had become 80-85 days old. 
‘*Circle’’ ---- the first and second sessions were at 80-90 days of age. 
Significant difference between the learning acquisition of the two 
sexes in adult (p<0.01), but not in juvenile and no significant sex 
difference in the performance of the once-established task in the 
adult. 


tory were randomly assigned to 2 groups. A group of 10 
males and 10 females received lever press training at the age 
of 22-25 days. When they became 80-90 days old, the per- 
formance of the once-established task was tested. The other 
group of 11 males and 11 females received the training only 
at 80-90 days of age. Since long term fasting in juvenile 
animals may result in some serious effects on their subse- 
quent growth, juvenile subjects were given a restricted 
amount of food (2 g/mouse) after one day fasting, and on the 
next day, 2 days training on the lever press task was begun. 
This fasting condition resulted in a 15-25% loss of normal 
body weight. When those mice reached 80-90 days of age, 
performance testing of the established task was started follow- 
ing 2 days starvation. Except for fasting conditions, the train- 
ing of juvenile mice was accomplished in the same way as 
that of adult animals in Experiment I. 


RESULTS 


The mean learning curves of the lever press task in 
juvenile and adult mice are shown in Fig. 6. An analysis of 
variance of the learning curves shows no significant differ- 
ence between male and female juvenile mice in the acquisi- 
tion process, F(1,18)<1. The final acquisition levels of 
juvenile mice following the establishment of the task were 
4.38+1.09 presses per min in males and 4.52+1.40 in 
females. These levels were much lower than those of adult 
mice. 

Next, the retention of the lever-press response estab- 
lished in the juveniles was tested when they became adults. 
The mean number of responses after approximately a 2 
month interval were 5.9+2.4 presses/min in males and 
6.4+2.6 presses/min in females (Fig. 6). 

This result demonstrates that memory of the previously 
established task has fully retained for two months and the 
performance level in adulthood was higher than those at the 
end of the training in their young age. This result demon- 
strates that adult female mice are able to press the lever at 
levels similar to those of adult male mice if the lever press 
response has been established in youth. This conclusion is 
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also supported by the fact shown in Fig. 1 that the final 
acquisition level of this task by adult females is not substan- 
tially different from that for adult males. Therefore, the 
possibility that the sex difference in acquisition process is 
due to the lack of physical force for lever press in females 
was excluded. Moreover, there seems to be no sex differ- 
ence in food motivation levels for lever pressing since there 
was no difference in the performance level of the once- 
established response. In the juvenile mice, there is no signif- 
icant sex difference even in the acquisition stage. Accord- 
ingly, the difference in learning between the sexes of adult 


mice is apparently due to some factor(s) arising after sex 
maturation. 


GENERAL DISCUSSION 


Experiment I demonstrated that male mice acquired a 
lever press response more rapidly than female mice (Fig. 1). 
This sex difference in acquisition was observed in mice of all 
the tested strains, ddY, BALB/c and CBA. Also, in the ra- 
dial maze task, male ddY mice showed significantly superior 
acquisition than females. In contrast, the acquisition of 
T-maze avoidance learning did not significantly differ be- 
tween sexes in ddY mice and a similar result was observed in 
shuttle box avoidance learning (Fig. 5-a and Fig. 5-b). 

There is little evidence as to sex differences in learning of 
mice [15]. In studies of locomotion in open field test, most 
reports show no significant differences [8,17], although some 
reports have shown that locomotor activity of female mice 
was higher than that of males [20]. It was suggested by Gray 
[11] that the lack of a sex difference in open field tests of 
mice was due to the use of inbred strains. However, the 
present result of Experiment II using ddY mice shows that 
there is also no sexual difference in a closed colony. There- 
fore, the lack of sex difference in open field activity of mice 
seems to be not only the character of inbred strains but 
rather generally common to the mouse. 

On the other hand, it is well known that locomotor activ- 
ity of female rats is significantly higher than males [1, 12, 14] 
and male rats defecate more than female rats [7,12]. From 
these results, it has been suggested that there is a significant 
sex difference in emotionality of rats. Therefore, superior 
acquisition of female rats in active avoidance tasks has been 
explained by sex differences in activity and emotionality [9]. 
However, the present results with mice indicate that there is 
no sexual difference in both locomotor activity and active 
avoidance tasks. These inconsistent results between the rat 
and the mouse suggest a close correlation between locomo- 
tor activity and learning ability of active avoidance tasks. 

Joseph [13] reported that there was a significant sex 
difference in an appetitive maze learning of rats and he ex- 
plained that the male’s superiority of appetitive maze learn- 
ing in rats was due to the tendency of females to make more 
irrelevant explorations and consequently make more errors 


267 


than males since female’s locomotor activity is significantly 
higher than male’s. However, the superiority of male mice in 
the radial maze task cannot be explained by irrelevant explo- 
ration by females since there are no sex differences in loco- 
motor activity in the mouse. 

As shown in Fig. 2, there was no significant sex difference 
in the background levels of lever press without food reward. 
Further, it was shown that locomotor activity of male and 
female mice did not significantly differ in the 8-arm radial 
maze and open field test. Consequently, the possibility that 
the sex difference in learning to press a lever or to choose 
correct arms was caused by sex difference in exploratory or 
locomotor activity in the training apparatus might be ex- 
cluded. 

The result in Fig. 6 indicates that there was no sex differ- 
ence in acquisition by juvenile mice. Accordingly, it was 
concluded that acquisition process of learning is dependent 
on some sex-related factors only in adult mice, but not in 
juveniles. It is generally known that sex differences in some 
behaviors is often age-dependent [19]. The mouse matures 
relatively more rapidly than the rat. Sex maturation of ddY 
mice is nearly complete by the age of 40-50 days. In our 
experiment superior learning of the appetitive lever press 
response in males was observed only with adult mice but not 
in juvenile mice (25 days old). Thus, the present finding in 
lever-press learning of mice is also age-dependent and re- 
lated to sexual maturation. 

The amounts of daily food intake of both sexes of CBA 
mice were almost equivalent to those of BALB/c mice, but 
the acquisition of the learning by CBA mice was far inferior 
to BALB/c mice (Fig. 1). This result indicates that the ac- 
quisition rate does not always correlate with the absolute 
amount of daily food intake and there are some genetic fac- 
tors which substantially influence the acquisition process of 
learning. 

The results of Experiment I indicate that the two sexes of 
ddY mice reached almost the same performance level after 
establishment of the task as seen in the final portion of the 
second session (Fig. 1). In addition, there was no significant 
sex difference in the performance test given after sexual 
maturation (Fig. 6). These results suggest that the two sexes 
of mice are in a similar motivation level to make the estab- 
lished response for food, at least under the fasting condition. 

In conclusion, these results show that when the mice that 
have not been trained to get their food are starved, the 
females are not as highly motivated as the males to hunt for 
food, even to the extent of finding a new instrumental re- 
sponse. On the other hand, females that had previously ac- 
quired the instrumental response could press the lever as 
actively as males. 

Accordingly, it is considered that there exists a sex differ- 
ence in motivation level for hunting but not feeding under 
fasting condition. In natural field conditions, this charac- 
ter might bring about some social differentiation in feed- 
ing behavior. 
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RAGER, D. R. ANDG. G. GALLUP, JR. Apparent analgesic effects of morphine in chickens may be confounded by motor 
deficits. PHYSIOL BEHAV 37(2) 269-272, 1986.—Three experiments were conducted with chickens to examine the 
effects of morphine on nociception and motor coordination. In Experiment 1, using shock-elicited vocalization as an index 
of pain, doses of 5, 20, and 30 mg/kg of morphine failed to affect vocalization thresholds. In the second experiment, 30 
mg/kg of morphine failed to affect vocalization thresholds at varying times since injection. In Experiment 3, 30 mg/kg of 
morphine significantly impaired movement in response to nonaversive stimulation. These results show that previous 
evidence for an analgesic effect of morphine in chickens may have been due to morphine effects on motor initiation and/or 


coordination. 
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MORPHINE appears to have an analgesic effect in some 
species but not others [13]. Morphine has also been shown to 
affect tonic immobility in such diverse species as chickens 
and rats [2, 4, 12]. Tonic immobility (TI), a behavioral re- 
sponse characterized by a temporary loss of the righting re- 
flex and severe motor inhibition, can be induced in many 
species by brief physical restraint [2, 3, 10]. Tonic immobil- 
ity is typically measured in terms of the latency of a righting 
response, and administration of morphine prior to induction 
has been shown to significantly prolong TI duration [2, 4, 
12]. However, in a recent study which examined termination 
of TI in response to electric shock in chickens, although 
administration of 5 mg/kg of morphine prior to induction en- 
hanced TI duration, it failed to affect shock-termination 
thresholds [9]. These results seemed unusual since the anal- 
gesic properties of morphine would be expected to reduce 
pain sensitivity and increase shock-termination thresholds. 

Although morphine has been shown to have an analgesic 
effect in several species at doses of 5-10 mg/kg or less (e.g., 
(5,13]), in chickens higher doses have been employed. 
Schneider [11] reported that doses of morphine below 200 
mg/kg in chickens were ineffective in producing analgesia 
when a pressure-elicited foot-shake response was used as an 
index of pain. Bardo and Hughes [1] however, argued that 
since the foot-shake response can be elicited by other than 
painful stimuli it may not have been sensitive to morphine 
analgesic effects and, using a shock-elicited flight response 
to measure nociception, reported that a dose of 30 mg/kg of 
morphine was effective in producing analgesia. 





Thus, the discrepancy between the findings reported by 
Schneider [11] and Bardo and Hughes [1] creates difficulties 
in drawing any firm conclusions about the analgesic potency 
of morphine in chickens. Therefore, the present investiga- 
tion was conducted to re-examine the effects of morphine on 
nociception in chickens. 


EXPERIMENT | 


To date, no standard measure of avian nociception has 
been established (such as the tail-flick and hot-plate tests 
commonly used for other species) and the different measures 
employed by Schneider [11] and Bardo and Hughes [1] 
yielded different results. However, vocalization in response 
to pain is a behavior shared by many different species, and 
has previously been used to measure analgesia [5, 6, 8, 13]. 
Indeed, some investigators [5,6] have argued that vocaliza- 
tion may be a more sensitive analgesic index because of its 
centrally integrated, nonreflexive nature. Thus, the first ex- 
periment was designed to assess analgesia in chickens in 
response to doses of 5, 20 and 30 mg/kg of morphine using 
shock-elicited vocalization as an index of pain. 


Subjects 


The subjects were 40 straight-run Production Red chick- 
ens (Gallus gallus) obtained from Welp Inc. one day post- 
hatch. The birds were group-housed in thermostatically con- 
trolled commercial brooders and maintained on a 12-hour 


‘Requests for reprints should be addressed to Gordon G. Gallup, Jr., Department of Psychology, State University of New York at Albany, 


1400 Washington Avenue, Albany, NY 12222. 





RAGER AND GALLUP 


FIG. 1. The bird on the right (a control subject) exhibits a wing-flap response during testing, while the bird on the left 
(morphine-treated) fails to respond. 


TABLE | 


MEAN PERCENTAGE OF TRIALS ON WHICH A WING-FLAP 
RESPONSE WAS STRONG, WEAK, OR ABSENT AS A FUNCTION OF 
DRUG TREATMENT 





Wing-Flap 
Response 


Morphine 
(30 mg/kg) 


Distilled 
Water 





Strong a9 86.0 
Weak 42.0 14.0 
Absent 50.5 0.0 





light/dark cycle with continuous access to chick feed and 
water. 


Apparatus and Procedure 


The birds were tested at 24 days of age. Prior to testing, 
the animals were randomly divided into four groups, and 
weighed. Subjects in the three treatment groups received 
intraperitoneal (IP) injections of either 5, 20 or 30 mg/kg 


morphine sulfate dissolved in distilled water at a volume of 2 
cc/kg. Birds in the control groups were injected IP with 2 
cc/kg distilled water. Each bird was then transported individ- 
ually to the test room in a cardboard box. Testing was con- 
ducted 10 minutes after injection by an experimenter who did 
not know which bird had received which drug treatment. The 
bird was placed on a table and wires from the shock appara- 
tus (Lafayette Instruments Model 82400) were attached to 
the bird’s legs, with the shock output set at 0 mA. The exper- 
imenter gently held the bird in an upright position directly in 
front of a wire mesh screen. Positioned 2.5 cm behind the 
screen was a microphone which was connected to a voice- 
activated relay (Lafayette Instruments Model 18010). The 
sensitivity of the relay was adjusted so that a vocalization of 
approximately 95 dB was required to activate the relay. The 
experimenter gradually increased shock intensity from 0 mA 
at the rate of approximately 0.1 mA per second [9], and the 
intensity of shock needed to activate the relay was recorded. 


Results 


For the groups that received 0, 5, 20 and 30 mg/kg of 
morphine, the mean shock intensities required to trigger the 
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voice-activated relay were 0.40, 0.45, 0.44 and 0.39 mA, re- 
spectively. Consistent with previous findings [11], an 
analysis of variance (ANOVA) revealed no significant effect 
of morphine on shock-elicited vocalization, F(3,36)=0.251, 
p=0.861. 


EXPERIMENT 2 


The results of Experiment 1 show that morphine, ad- 
ministered IP, fails to produce analgesia in chickens at the 
doses tested. However, only one injection-test interval of ten 
minutes was employed in the first experiment. Although a 
ten minute injection-test interval is sufficient to detect ef- 
fects of morphine (administered IP) on tonic immobility in 
chickens [9], it may be that morphine takes longer to produce 
an analgesic effect. Thus, in the second experiment, a longer 
injection-test interval was employed to assess the effects of 
morphine on shock-elicited vocalization in chickens. 


Subjects 


Twenty straight-run Production Red chickens served as 
subjects in this experiment. All animals were obtained and 
maintained in the manner described in the previous experi- 
ment. 


Apparatus and Procedure 


At 29 days of age all subjects received IP injections of 30 
mg/kg morphine sulfate dissolved in distilled water at a vol- 
ume of 2 cc/kg. Birds were then tested using the equipment 
and procedure described in Experiment 1, except half of the 
subjects were tested 10 minutes after injection and half were 
tested 30 minutes after injection. 


Results 


Mean vocalization thresholds were 0.47 and 0.43 mA for 
birds tested 10 and 30 minutes following IP injection of 30 
mg/kg of morphine, respectively. An ANOVA revealed no 
significant effect of injection-test interval, F(1,18)=0.197, 
p=0.666. 


EXPERIMENT 3 


The results of Experiments 1 and 2 are consistent with 
Schneider’s [11] report that morphine analgesia was not ob- 
served in young chickens at doses below 200 mg/kg. 
Schneider [11] also reported that although morphine 
produced an analgesic effect only at very high doses, at 
doses as low as 20 mg/kg morphine produced other behav- 
ioral effects. Specifically, the legs of the chickens appeared 
stiff, and they would often collapse into an unusual sitting 
position. These morphine-induced motor effects raise an in- 
teresting possibility with regard to the study of Bardo and 
Hughes [1]. Since they only tested for morphine analgesia at 
a single dose of 30 mg/kg (a dose sufficient to produce these 
additional side effects), the reponse they measured (a 
shock-elicited wing-flap) might have been altered by mor- 
phine effects on motor activation and/or coordination. 
Therefore, Experiment 3 was designed to assess the effects 
of a 30 mg/kg dose of morphine on the integrity of the wing- 
flap response to nonpainful stimulation. 


Subjects 


The subjects were 20 straight-run Production Red chick- 
ens obtained and maintained as described in the first experi- 
ment. 


Apparatus and Procedure 


Birds were tested at 24 days of age. On the test day the 
animals were randomly divided into two groups. In one 
group each bird was weighed and received an injection of 30 
mg/kg morphine sulfate IP at a volume of 2 cc/kg. In the 
second group each subject was weighed and given an IP 
injection of distilled water at a volume of 2 cc/kg. All sub- 
jects were then placed individually in cardboard boxes until 
testing, which was conducted 10 minutes after injection. For 
the test, the experimenter stood in front of a table with one 
bird from each group perched in each hand (counterbalanc- 
ing for left and right hands across pairs of subjects which 
were coded so as to conceal drug treatment). The experi- 
menter slowly raised both birds to approximately 90 cm 
above the table. From this height both birds were quickly 
and simultaneously lowered to the table, and for each subject 
the experimenter noted the presence or absence of a wing- 
flap response during descent (e.g., see Fig. 1). On trials in 
which birds responded, it was also noted whether the re- 
sponse was strong (i.e., wings were fully extended) or weak 
(i.e., wings were slightly extended). This procedure was re- 
peated 20 times for each pair of birds with 5 second intervals 
between trials. 

Immediately following the wing-flap test, stabilimeter ac- 
tivity was measured by placing each subject individually in 
an activity monitor (Lafayette Instruments Model 86010) for 
a 25 minute period. The gain on the monitor was set at 3 
(moderate sensitivity) and an activity count was taken on a 
Lafayette Data Recorder (Model 58004). 


Results 


The data on wing-flap responses were subjected to Chi- 


square analyses. Birds treated with morphine exhibited sig- 
nificantly fewer wing-flap responses (x*(1)=135.12, 
p<0.001), and significantly less wing extension when they 
did respond (,*(1)=225.5, p<0.001) than control subjects. 
These data are summarized in Table 1. 

The mean activity count for the 25 minute session was 
11.80 for the morphine-treated group and 33.90 for the con- 
trol group. Prior to analysis, the raw scores were subjected to 
a square root transformation to correct for heterogeneity of 
variance. Although consistent with a hypothesis based on 
morphine-induced motor deficits, an ANOVA performed on 
the transformed data failed to reach statistical significance, 
F(1,18)=2.572, p=0.123. 


GENERAL DISCUSSION 


The results of these experiments fail to demonstrate an 
analgesic effect of morphine in chickens on the one hand, 
and raise questions about any apparent analgesic effect of 
morphine which requires doses of 20 mg/kg or more. 

In the first experiment, shock-elicited vocalization 
thresholds in chickens were unaffected by 5, 20 and 30 mg/kg 
of morphine 10 minutes following injection. Yet, with a 10 
minute injection-test interval, very low doses of morphine 
produce dramatic effects on tonic immobility in chickens. 
Indeed, 5 mg/kg of morphine is over ten times the amount 
needed to prolong tonic immobility in chickens [4]. In the 
second experiment, 30 mg/kg of morphine failed to affect 
vocalization thresholds even 30 minutes after injection. Fur- 
thermore, the results of the first two experiments are consis- 
tent with Schneider’s [11] finding that doses of morphine 
below 200 mg/kg do not produce analgesia in young chick- 
ens. 
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Challenging Schneider's [11] report, on the basis that his 
nociceptive measure (a pressure-elicited foot-shake re- 
sponse) may have been less sensitive to emotional reactivity 
than to perceptual reactivity, and arguing that morphine may 
have a greater effect on the former, Bardo and Hughes [1] 
recently reported an apparent analgesic effect of morphine in 
chickens using 30 mg/kg and a shock-elicited flight response 
as an index of pain. However, Bardo and Hughes [1] failed to 
provide evidence that a shock-elicited flight response is more 
sensitive to emotional reactivity than a pressure-elicited 
foot-shake response, and thus their results are vulnerable to 
the same argument. Furthermore, they failed to address the 
possibility that their results might be due to morphine effects 
on motor responses. 

The results of our third experiment support this interpre- 
tation. Birds receiving 30 mg/kg of morphine showed signifi- 
cantly impaired wing extension and fewer wing-flap re- 
sponses to nonpainful stimuli, and were generally less 
active than controls. Furthermore, this effect became appar- 
ent within the first two trials of the wing-flap test 
(x7(1)=5.23, p<0.05). This is a critical point, considering the 
shock-elicited flight response procedure employed by Bardo 
and Hughes [1], i.e., once a flight response had been ob- 
served the shock was turned off for 5 sec and then 
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reinstated at the intensity at which the first response had 
been observed. If a second response was not observed 
within | sec, the shock intensity was further increased until 
another flight response was observed or the 2 mA ceiling was 
reached. Flight response threshold was defined as the shock 
intensity required to elicit a second response. Therefore, the 
higher flight response threshold observed in the morphine- 
treated group may have been due to drug effects on the re- 
sponse itself, as in Experiment 3 above, rather than sensitiv- 
ity to shock per se. Thus, the motor impairment in chickens 
produced by morphine would appear to require that any re- 
sponse related index of analgesia be interpreted with cau- 
tion. 

The central dilemma posed by any attempt to measure 
analgesia in animals is one of separating pharmacological 
effects on pain sensitivity from those on reactivity. It is con- 
ceivable that a drug might affect an organism’s reactivity to 
pain, but not its sensitivity to pain. As the present study 
shows, simply because a compound may reduce responsive- 
ness to aversive stimulation cannot, by itself, be used as 
conclusive evidence for an analgesic effect, unless there are 
clear data to show that motor function is unaffected by the 
drug in question. 
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WHITE, P. J., R. B. FISCHER AND G. F. MEUNIER. Female discrimination of male dominance by urine odor cues in 
hamsters. PHYSIOL BEHAV 37(2) 273-277, 1986.—Female hamsters have been found to differentially respond to the 
odors of dominant as opposed to subordinate males. This study reexamined these responses in an olfactometer allowing the 
females to choose between urinary odors obtained from males differing in dominance status and clean air source. The 
behavior of the estrous females was consistent with previous research which indicated that such females exhibit a prefer- 
ence for stimuli obtained from dominant males. Contrary to previous findings in a two-choice apparatus, diestrous females 
failed to prefer the odors of subordinates. These females spent significantly more time in the area infused with unscented 
air. These data emphasize the importance of odor cues as they relate to male attractivity and possibly mate choice. They 
also underscore the need to allow animals to avoid conspecific odors in order to reduce the possibility of forcing animals 


into an unrealistic choice situation. 
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THERE is little doubt that rodents are capable of perceiving 
odors of conspecifics and consequently modifying their so- 
cial behavior. Urine odors are capable of regulating the 
agonistic [31] and sexual behaviors [38] of mice. The urine of 
sexually receptive female rats is attractive to males and is 
preferred over the urine of diestrous females [30]. In the 
guinea pig, urine provides cues indicating species, sex and 
individual identity [2]. 

In some instances of odor communication, the dominant 
organisms produce cues which are distinct from those of 
subordinates [4]. Dominant male rat urine contains a factor 
which is aversive to other males [23], whereas this response 
is not exhibited towards the urine of the subordinate males. 
Also, urine marking may increase in frequency and quantity 
as a function of social status. Dominant male rabbits deposit 
glandular secretions more frequently than subordinates [34]. 
A similar situation is evident in hamsters [20, 21, 22], and 
mice [8]. 

In hamsters, estrous females have been found to dis- 
criminate and spend more time near odors associated with 
intact males [20, 22, 25]. The number of approaches by 
females to confined males varies during the four days of the 
estrus cycle, and peaks on the day of estrus [39]. Overt olfac- 
tory investigation of a male, although a relatively infrequent 
activity, also increases during the period just preceding es- 
trus [40]. During this time, the female is more likely to main- 





tain proximity with the male. The specific odor cues which 
are involved in attracting the female to the male around the 
time of estrus remain undetermined. It has been found that if 
estrous females are provided with a choice of males, they 
will preferentially sniff the more dominant male [13]. 

Although estrous females spend more time near urinary 
odors of dominant males, these same females while in dies- 
trus, seemingly prefer the odors of subordinates [41]. Similar 
findings have been reported for lemmings [15]. Also, not 
only can female hamsters detect differences in urinary odors 
based on the males’ status, but they can also predict the 
relative status of two males before the dominance/subordi- 
nation is established [42]. Females in estrus spend greater 
amounts of time near urinary odors from males which were 
subsequently to become dominant. On the other hand, dur- 
ing the diestrous phase, they spend more time near urinary 
odors obtained from males later found to be subordinate. 
This apparent preference by nonreceptive females for sub- 
ordinate or subordinate-to-be male urinary odors is perplex- 
ing. During this phase of the cycle, the female is typically 
very aggressive and actively discourages any heterosexual in- 
teraction [5,37]. 

This study examines the female’s response to male uri- 
nary odors. Specifically, it attempts to replicate the previous 
findings of a preference for the odors of dominants [41]. 
Also, the behaviors of the diestrous females are reevaluated 
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employing a different choice apparatus. Rather than employ- 
ing a Y-maze olfactorium which forces an animal to choose 
among two stimulus cues, the device used in the present 
study allowed the females to also approach a clean air 
source, thereby avoiding male odors altogether. 


METHOD 
Subjects 


Twelve male and 16 female Syrian hamsters (Lakeview 
strain) served as subjects. They were approximately 110 
days old and had been individually housed since weaning. 
All were maintained on a 13 hr light and 11 hr dark light 
cycle. The males served as stimulus donors. 


‘Apparatus 


Paired dominance status of the males was established in a 
clear Plexiglas arena measuring 23 x 20x 18 cm. The females 
were tested in a Plexiglas olfactorium consisting of a central 
area (10x10 cm) connected to four equally spaced arms 
(each 30x 10x8 cm). The central area was connected to an 
air evacuator fan by a 4.3 cm diameter tube fixed to the lid of 
the arena. Three of the arms had an air injector which was 
flush with the wall distal from the central area. The fourth 
arm served as the entry and was closed after the female was 
admitted to the apparatus. Each air injector was connected 
to a stimulus canister by 0.64 cm diameter tygon tubing. The 
canisters were in turn connected by tubing to a gang valve 
which received air filtered through activated carbon by a 
diaphragm air pump. This pump obtained air via a fresh air 
vent in the testing room. Each arena and the air delivery 
system was thoroughly flushed with alcohol and dried follow- 
ing each test. 


Procedures 


Males were randomly selected from the colony and paired 
for dominance determinations. Care was taken to ensure that 
one male weighed no more than 5 g more than its partner. 
Males were placed into the apparatus and observed for 15 
min test. The pairs were repeatedly tested until they met 
criterion (mean=7 days). The criterion was that a member 
of a pair whose aggressive responses (e.g., boxing, chasing, 
biting, etc.) exceeded 10% and whose submissive behaviors 
(e.g., upright defense, withdrawal, etc.) were less than 2% of 
his total behavioral score would be considered the dominant. 
Less than 2% of a subordinate animal’s total score could 
consist of aggressive behaviors [3]. These conditions needed 
to be met for three consecutive days before a dominance 
relationship was said to be established. Each week, approx- 
imately 4 hr before urine was collected the males were again 
observed for 15 min to verify that the dominance order had 
not changed. 

Urine collection began 4-6 hr after dominance was de- 
termined and after each weekly dominance encounter. Im- 
mediately before urine collection procedures were initiated 
all lab chow was removed from the cages so that food dust 
would not contaminate the sample. Urine was collected dur- 
ing the ensuing 8 hr period. Filter paper placed below the 
wire mesh of the cage bottom was used to absorb voided 
urine. At the conclusion of each collection period, feces 
were removed and the sample was immediately sealed in a 
cannister and refrigerated at — 1°C. Fresh urine was collected 
every four days. Unpublished observations have shown that 
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this length of time does not exceed the period of decomposi- 
tion of the active components in the refrigerated samples. 

Olfactory tests. Two hours after the beginning of the dark 
cycle the female was removed from her home cage and 
placed in the entry tube of the olfactorium. For the next 5 
min the female had free access to the remainder of the appa- 
ratus. Both the frequency of approaches and the time spent 
in proximity to the injectors were recorded. For either of 
these categories to be scored the female’s head must have 
been within 5 cm of the injector. At the conclusion of the 5 
min test the female was removed and returned to its home 
cage. The apparatus was thoroughly washed and readied for 
the next test. At least 24 hr were allowed to pass before a 
female was re-tested. Thus, each animal was tested twice 
with stimuli obtained from each pair of males for a total of 
192 tests (12 tests per female). Half of the females were 
initially tested late on the day of proestrus. This is referred to 
as the estrous testing condition (96 tests). The remaining 
females were first tested in diestrus (on the second or third 
day following estrus, 96 tests). The stage of the cycle was 
determined via characteristic changes in vaginal mucous [35]. 

The placement of the stimuli in the apparatus was ran- 
domized across trials. Prior to each test in the olfactorium a 2 
cm? section of the soiled paper was moistened with saline 
and inserted into one of the canisters leading to the injectors. 
During each trial the females were simultaneously presented 
with the odors associated with the dominant and subordinate 
members of a pair and the air from a canister containing filter 
paper moistened with saline. 

It should be noted that the tester was naive with regard to 
which of the paired samples contained urine from the domi- 
nant male. That is, the colony code numbers associated with 
the males which were pair dominance tested were converted 
to letter codes for cataloging urine samples. The only infor- 
mation which was available concerned which samples were 
to be paired for a given test. 


RESULTS 


The results of the preference tests are summarized in 
Table 1. When the females were tested while in estrus they 
spent significantly greater amounts of time near the injector 
which presented the odors of dominant males as opposed to 
the areas infused with subordinate male odors or saline. The 
subordinate’s odors were preferred to the saline control. The 
females also entered the area containing the dominant’s 
odors more frequently than the areas associated with the 
subordinate male odors or saline. 

Diestrous females spent a disproportionate amount of 
time in the area which did not contain male odors, that is, the 
area infused with saline. These females exhibited no signifi- 


cant differential responding with respect to the frequency of 
entry scores. 


DISCUSSION 


These data replicate earlier findings [41] that female 
hamsters are capable of discriminating urinary odors as a 
function of the males’ status. Depending on the stage of the 
reproductive cycle, females selectively spent greater 
amounts of time in proximity to either odors from dominant 
males or the saline control. Olfactants present in male urine 
reflected the male’s success in inter-male agonism and that 
females are not only capable of detecting such substances, 
but also of responding to them differentially. It is possible 
that metabolic processes which are related to circulating 





SUMMARY OF THE RESPONSES OF ESTROUS AND DIESTROUS FEMALES TO OLFACTORY CUES 


FEMALE DISCRIMINATION OF MALE ODORS 


TABLE |! 





Estrous Subjects 
Dom* (mean=62.64 
Dom vs. Sub 
Dom vs. Saline 
Sub vs. Saline 

Diestrous Subjects 
Dom* (mean=35.64 
Dom vs. Sub 
Dom vs. Saline 
Sub vs. Saline 


Estrous Subjects 


Dom* (mean= 19.82 + 


Dom vs. Sub 

Dom vs. Saline 

Sub vs. Saline 
Diestrous Subjects 


Dom* (mean= 14.19 + 


Dom vs. Sub 
Dom vs. Saline 
Sub vs. Saline 


Timet 


Sub* (mean=48.89 
t= 6.17 
t= 10.15 
t= 2.97 


Sub* (mean=32.48 + 
t= 0.83 
t=—4.04 
t=—4.70 


Frequency of Entry 


Sub* (mean=15.13 + 1.87) 
2.35 
2.56 
0.31 


Sub* (mean= 14.06 + 
t= 0.04 
t=-—0.29 
t=-—0.32 


Saline (mean=30.95 + 


p<0.01 
p<0.01 
p<0.01 


Saline (mean=51.95 + 


ns 
p<0.01 
p<0.01 


Saline (mean= 14.51 
p<0.05 
p<0.05 

ns 


Saline (mean=15.91 + 


ns 
ns 
ns 





All comparisons were analyzed using correlated t-tests at 15 df. 
*Dom: dominant stimulus males. Sub: subordinate stimulus males. 


*Time is in seconds. 


levels of testosterone are involved in producing cues which 
indicate a male’s status. Endogenous androgens are associ- 
ated with changes in dominance status [10]. In addition, an 
androgen dependent factor has been associated with odor 
preferences in hamsters [26, 27, 28]. 

The frequency with which estrous females approached 
the injector associated with dominant male odors was also an 
indicator of preference. Steel [39,40] has also found this to be 
a useful index of the attractive properties of a male. How- 
ever, in that study the female was presented only with a 
single male that could be seen and contacted. Thus, females 
could have been responding to extra-olfactory cues associ- 
ated with the male. In our studies urinary odor cues alone 
have been sufficient to allow estrous females to exhibit pref- 
erences among males [13,41]. Odors may serve as a mech- 
anism involved in intrasexual selection. Given the opportu- 
nity, hamster females seem to have the ability to choose 
among available males. In addition to odors specifically 
associated with male dominance, familiarity with the odors 
of a male may facilitate mate choice [6,7]. It may not be 
unreasonable to assume that in the wild both dominance and 
familiarity would be correlated. 

The preference for dominant male odors could reflect the 
operation of selection pressures. In the wild, the supposedly 
territorial females may be visited by several males [11,32] 
which are attracted to the area by deposits of vaginal secre- 
tions [28]. The odors of males may stimulate vaginal marking 
[19]. Such marks would presumably attract additional males 
to the vicinity of the females [33]. Our data indicate that the 
female may express her preference for one male over an- 
other based partly on their odors. This would reflect an 
adaptive strategy if dominance status reflected fitness char- 


acteristics which could be passed on to offspring [9]. For a 
dominant to gain a mating advantage, the female must be 
exposed to the available males for a period of time [29]. This 
period of acquaintance may allow the female to compare the 
males and exercise a choice. 

During the diestrous phase of the cycle, the females ex- 
hibited no apparent preference for subordinate male urinary 
odors. In fact, they seemed to avoid any male odors. Such a 
conclusion is consistent with observations indicating that af- 
filiative interaction between the sexes are unlikely at this 
time [5, 36, 37]. Previous research [41], however, indicated 
an apparent preference for subordinate male urinary odors 
by diestrous females. The most likely explanation for this 
inconsistency is that the earlier study employed an olfac- 
tometer which forced females to choose between the odors 
of dominant or subordinate males. The female would fail to 
indicate a preference only if she positioned herself in the 
entry arm of the apparatus. This area also served as the 
avenue by which air was removed from the apparatus. As a 
consequence, this area would be infused with the odors of 
both males. It is possible that the female’s apparent prefer- 
ence for subordinate odors may have reflected a more pow- 
erful avoidance of the odors of dominant males. Forced 
choice situations which do not permit the subjects to avoid 
conspecific odors may induce responses which are poten- 
tially misleading. It should be noted that the report [14] 
which indicated a preference for subordinate males by dies- 
trous lemmings also employed a two-choice olfactometer. 

Johnston [21] has reported that estrous, diestrous, and 
lactating hamsters are attracted to the odors of intact males. 
In this instance, the responses of the diestrous females may 
have been influenced by all the attendant cues associated 
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with repeated presentations of a single anesthetized male on 
some trials versus a stimulus box containing no male or other 
trials. It is difficult to determine whether attraction or inves- 
tigation would be the more appropriate interpretation of the 
results. Johnston’s comment indicating that the female’s be- 
havior waned as a function of repeated testing would indicate 
that investigatory responses may have contributed greatly to 
the overall scores. It would be difficult to interpret these 
results as indicating a preference for males at times when the 
female is not sexually receptive. 

Finally, these data contribute to the growing literature 
recognizing the effects of various hormonal states on sen- 
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sory perception [1, 9, 12, 19, 26, 39, 40]. It has been 
suggested that modifications of behavior seen as a function 
of changing endocrine status may be mediated by altered 
sensory functioning. 
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BARNWELL, G. M., J. DOLLAHITE AND D. S. MITCHELL. Salt taste preference in baboons. PHYSIOL BEHAV 
37(2) 279-284, 1986.—Dietary salt (NaCl) has been implicated in the etiology of hypertension and atherosclerosis, although 
its role remains controversial. The human preference for salted foods is well-known and many investigators believe the 
taste for salt is acquired. An experiment we conducted suggests that the baboon does not have an acquired taste for salt. A 
sample of 36 baboons from a population of 70 baboons of known sire, sex, and dietary history was used; each had been 
raised since birth on a diet of fixed salt content in a study of dietary salt and blood pressure. Given this unique group of 
animals, we decided to test whether baboons raised on one dietary salt level (low, medium, or high) would prefer a different 
level. After baseline consumption was measured for 9 days, we offered each animal equal amounts of all 3 diets simulta- 
neously in a counterbalanced randomized sequence for 9 days, controlling for tray position preference and color prefer- 
ence. We measured consumption of each diet by weighing the amount of food remaining. Our statistical analyses indicated 
an overwhelming preference for the lowest dietary salt level, regardless of which diet the animal had been fed since birth 


(p <0.0001). 


Dietary salt Taste preference Salt preference 


Baboon 





ALTHOUGH a causal relationship has not been confirmed, 
substantial evidence suggests that excess dietary salt (NaCl) 
tends to increase blood pressure and thus may play a role in 
the etiology of essential hypertension in humans (8-11, 17, 
19]. Other studies of the relationship between dietary salt 
and blood pressure or hypertension have failed to find a 
positive correlation [20,35]. The relationship between di- 
etary sodium and hypertension is complicated further by the 
intake of sodium in drinking water [14-15] and the interac- 
tion of sodium with potassium [22, 28, 36, 38] and calcium [6, 
22, 36]. However, in general, available evidence suggests 
that ingested sodium can be a contributing factor to hyper- 
tension, that high sodium intake may aggravate hypertension 
in some individuals while having no effect on others, and that 
low sodium intake may help decrease blood pressure levels 
in some hypertensives but not in all [7, 21, 27, 34]. Other 
studies have focused on the genetic contribution to blood 
pressure and hypertension [16, 23, 26, 32, 37, 39]. Ina recent 
study of the effects of dietary sodium in Dahl salt-sensitive 
and salt-resistant rats, the investigators found that higher 
blood pressures and a greater extent of aortic lesions in the 
salt-sensitive strain resulted from higher sodium intakes, but 
that higher sodium did not have such effects on the salt- 
resistant strain [25]. The obvious conclusion from available 
data is that both genetic predisposition and sodium intake are 
contributing factors to the development of high blood pres- 
sure and hypertension. 


If lowered sodium intake is utilized in the prevention or 
management of hypertension, the taste of sodium chloride 
and other sodium compounds in food and water is an impor- 
tant consideration in certain individuals. Salt taste prefer- 
ence appears to have both genetic and environmental 
determinants. Numerous species are known to have a salt 
appetite and many have been shown to prefer higher levels of 
salt without prior experience [1, 12, 29], suggesting a strong 
genetically determined salt preference. On the other hand, 
several studies suggest that previous dietary levels of salt 
influence the taste for salt [2-3, 5, 18, 30-31]. A recent com- 
prehensive review of salt appetite provides further details on 
these topics [13]. 

The purpose of the present study was to test whether 
baboons raised on diets identical except for salt level (1, 6, or 
12 mEq/kcal) would prefer the diet on which they were 
raised or one of the other two levels of salt when offered a 
choice, and further, to determine whether sire or sex influ- 
enced this salt level preference. 


METHOD 
Subjects 


A sample of 36 baboons was selected from a population of 
70 baboons of known sire, sex, age, and dietary history. The 
animals had been used in a previous study of salt intake and 
blood pressure which involved only dietary differences in 
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TABLE 1 


LOW SALT INFANT DIET 





ID 


Low Salt 


Medium Salt 


High Salt 


Diet 
Preference* 





X2722 
X3026 
X3571 
X3475 
X3216 
X3431 
X3 146 
X2725 
X2798 
X3624 
X3027 


222.28 (174.48) 60.8 
229.99 (84.99) 60.2 
90.43 (61.48) 42.4 
97.31 (72.81) 35.0 
174.91 (118.73) 52.2 
198.98 (84.98) 58.5 
106.11 (88.63) 53.9 
163.91 (90.64) 51.9 
164.83 (118.26) 71.5 
177.41 (111.78) 51.9 
292.82 (62.40) 88.4 


121.57 (163.39) 33.3 
129.29 (85.98) 33.8 
67.66 (67.31) 31.7 
48.74 (52.40) 17.5 
132.70 (120.67) 39.6 
51.46 (48.31) 15.1 
70.12 (83.41) 35.6 
74.91 (73.30) 23.7 
64.04 (97.90) 27.8 
111.09 (124.37) 32.5 
34.92 (28.49) 10.5 


21.53 (25.90) 5.9 
22.90 (23.12) 6.0 
55.03 (38.82) 25.8 
132.14 (48.28) 47.5 
27.62 (32.77) 8.2 
89.94 (28.28) 26.4 
20.62 (22.78) 10.5 
76.78 (48.42) 24.3 
1.50 (2.37) 0.7 
53.19 (31.30) 15.6 
3.69 (5.34) 1.1 


TMnInnnNnNSSSSezeS 


X3594 
Group Averages 


200.13 (51.21) 77.6 
176.59 (109.52) 59.05 


19.50 (19.75) 7.6 
77.17 (92.67) 25.81 


38.41 (26.71) 14.9 
45.28 (47.30) 15.14 


wa dll ae cad wel wk oA oe 8 el es 





Individual daily consumption of each diet (g) and dietary preference of animals raised on low salt diet (1 mEq/kcal). Entries are: 


mean (S.D.) percent of total daily consumption. 


*L denotes Low, M denotes Medium, H denotes High salt diet. 


TABLE 2 
MEDIUM SALT INFANT DIET 





ID 


” 
oO 
~ 


Low Salt 


Medium Salt 


Diet 


High Salt Preference* 





X3482 
X2937 
X3142 
X2727 
X3171 
X3514 
X2828 
X3596 
X3627 
X3564 
X3696 
Group Averages 


257.71 (69.04) 72.5 
327.94 (95.73) 75.1 
273.43 (79.54) 71.9 
334.37 (118.23) 75.1 
245.02 (79.70) 60.4 
166.20 (26.30) 45.7 
259.90 (88.69) 89.8 
223.06 (39.09) 77.5 
180.00 (88.56) 72.4 
252.31 (51.88) 69.3 
88.38 (71.18) 47.1 
237.11 (100.40) 69.29 


TI7NNNSSSSSEE 


71.90 (53.59) 20.02 
38.03 (37.96) 8.7 
66.47 (48.97) 17.5 
92.67 (68.45) 20.8 
92.32 (74.89) 22.8 
124.34 (51.76) 34.2 
13.54 (22.01) 4.7 
36.27 (50.47) 12.6 
50.26 (64.57) 20.2 
80.56 (64.41) 22.1 
28.31 (40.27) 15.1 
63.15 (60.67) 18.45 


25.98 (17.95) 7.3 
70.66 (50.63) 16.2 
40.48 (21.24) 10.6 
17.91 (14.47) 4.0 
68.33 (47.22) 16.8 
73.26 (32.60) 20.1 
15.83 (15.56) 5.5 
28.34 (18.37) 9.9 
18.29 (27.72) 7.4 
31.43 (10.59) 8.6 
70.93 (36.97) 37.8 
41.95 (36.24) 12.26 


See Se Hr reer rc 





Individual daily consumption of each diet (g) and dietary preference of animals raised on medium salt diet (6 mEq/kcal). Entries 


are: mean (S.D.) percent of total daily consumption. 


*L denotes Low, M denotes Medium, H denotes High salt diet. 


salt level. Each baboon had been raised since birth on a diet 
containing one of three levels of salt. All animals were two to 
three years old at the time of the present study. 


Dietary History 


Similac PM 60/40, an infant formula manufactured by 
Ross Laboratories, Columbus, OH, was selected as the basic 
pre-weaning formula because of its low sodium content, ap- 
proximately 1 mEq/100 kcal, which is similar to breast milk 
in both humans and baboons. This formula is designed to be 
a complete infant feeding for humans and is similar to regular 
Similac which we have fed successfully to many baboon in- 
fants. A single batch of formula was used for this entire 


experiment to provide a constant nutritional background. 
The Low sodium group received Similac PM 60/40 prepared 
according to the manufacturer’s instructions with no added 
salt. The Medium and High salt groups received the same 
formula but with salt added to achieve a sodium content of 6 
mEq/100 kcal and 12 mEq/100 kcal, respectively. Formulas 
were monitored to assure a constant potassium content and 
the desired sodium content. From birth, the animals were 
bottle-fed four times a day, with this formula being their sole 
source of nutrition until weaning. 

Weaning began at sixteen weeks of age, when solid food 
was first introduced as a mush mixed with formula, and over 
a period of two to three weeks the animals were trained to 
eat a semi-moist pellet that we manufacture for all animals on 
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TABLE 3 


HIGH SALT INFANT DIET 





ID 


~”D 
@ 
~ 


Low Salt 


Medium Salt 


High Salt 


Diet 
Preference* 





X2870 
X3096 
X3726 
X3565 
X3300 
X3310 
X3582 
X3666 
X3208 
X3637 
X3141 
X2768 
X3218 


TNMhnMmMnNNSSSSSEESE 


123.70 
178.86 
194.20 
317.76 

75.57 


(84.10) 43.4 
(92.72) 54.3 
(75.53) 73.6 
(89.72) 94.9 
(43.15) 28.5 


356.41 (163.84) 78.2 


51.09 

43.81 
255.18 
115.46 
142.21 
158.74 
156.29 


(32.53) 17.0 
(29.71) 18.4 
(71.00) 71.2 
(61.98) 56.6 
(78.01) 47.0 
(63.85) 48.6 
(99.48) 49.3 


74.67 (90.38) 26.2 
96.83 (66.08) 29.4 
49.00 (49.39) 18.6 
12.76 (8.17) 3.8 
92.52 (88.52) 34.9 
23.22 (22.19) 5.1 
112.58 (79.69) 37.5 
57.19 (42.67) 24.0 
62.94 (45.17) 17.6 
48.02 (33.54) 23.5 
127.46 (74.54) 42.4 
125.76 (74.80) 38.5 
108.39 (100.75) 34.2 


86.49 (63.79) 30.3 
53.67 (49.38) 16.3 
20.60 (23.43) 7.8 

4.3 (4.70) 1.3 
96.78 (67.24) 36.5 
76.31 (40.41) 16.7 
136.88 (41.62) 45.5 
137.43 (84.53) 57.6 
40.39 (29.59) 11.3 
40.54 (35.68) 19.9 
31.66 (29.06) 10.5 
41.81 (36.49) 12.8 
52.03 (68.18) 16.4 


Feerersge Brrr 


Group Averages 166.79 (121.00) 54.50 


72.56 (76.57) 23.05 


50.66 (50.76) 16.09 





Individual daily consumption of each diet (g) and dietary preference of animals raised on high salt diet (12 mEq/kcal). Entries 


are: mean (S.D.) percent of total daily consumption. 


*L denotes Low, M denotes Medium, H denotes High salt diet. 


experimental diets. The number of feedings per day was de- 
creased to two during this period. The solid diets were 
made using Monkey Chow 25-5045-6 (Ralston Purina, St. 
Louis, MO) as a base. This is a grain-based meal with no 
added salt or fat. We added lard, egg yolk, cholesterol, 
ascorbic acid, retinyl acetate, and water to achieve the 
desired composition. The diets approximated the average 
American diet in that the calories were derived from 40% 
carbohydrate, 20% protein, and 40% fat. No salt was 
added to the Low sodium solid diet and it was slightly lower 
in sodium than the Low sodium formulas (0.5 vs. 1.0 
mEq/kcal). The Medium diet was identical in sodium content 
to the Medium formula and the High diet was 50% higher in 
sodium than the High sodium formula. The potassium con- 
tent was twice as high in the solid diets as the formula, but 
was constant among the three solid diets throughout the rest 
of the study. 


Procedures 


Groups of eight baboons were tested simultaneously. 
Each animal was placed in an individual cage modified to 
permit the attachment of a feeder tray with three identical 
compartments. Once a day for at least 9 days, each animal 
was fed its usual diet (Low, Medium, or High salt) uniformly 
distributed in all three feeder compartments to allow adapta- 
tion to the new cage and permit measurements of baseline 
consumption. Then for nine days of preference testing, each 
animal was offered equal amounts of all three diets 
simultaneously in a counterbalanced sequence, separately 
randomized for each animal, controlling for tray position 
preferences (left, center, right) and color (red, green, yellow) 
preferences. (Diets were colored to permit experimenters to 
distinguish between them.) The randomization and counter- 
balancing process insured that each of the 27 combinations 
of color, tray position, and diet occurred exactly once. Thus, 
each day there was a choice of all three diets, with each diet 
occurring in all three tray positions and all three colors. The 


feeding periods were for 90 minutes each morning; at the end 
of this time, trays were removed and the remaining food was 
collected and weighed. Daily consumption of each diet by 
each animal was measured by weighing the respective 
amounts remaining. 


RESULTS 


Table 1 shows the average daily consumption of each diet 
during the preference testing period by animals raised on the 
Low Salt diet. Tables 2 and 3 present similar data for ba- 
boons raised on Medium and High Salt diets, respectively. 

As evident in the tables these baboons overwhelmingly 
preferred the Low salt chow, with only 4 of 36 animals 
choosing the High salt diet and none preferring the Medium 
salt diet. Of the four baboons that selected the High salt 
chow, three had been raised on the High salt diet and one on 
the Low salt diet. 

During the preference testing period, the percentages of 
total consumption of the low-salt chow eaten by animals 
raised on Low, Medium, and High salts diets were 59.05, 
69.29, and 54.50, respectively. Thus, the Low salt diet con- 
stituted over 50% of the total consumption of each group of 
animals. The corresponding percentages consumed of 
Medium salt chow were 25.61, 18.45, and 24.62. The per- 
centages of total consumption of the High salt chow were 
lowest of all: 15.14, 12.26, and 20.58 respectively, for 
animals raised on Low, Medium, and High salt diets. 

We used a factorial repeated measures ANOVA model 
(BMDP2V) to analyze the preference data with infant diet, 
sex, and sire as between subjects factors, and with test diet, 
color, and feeder compartment position as within subjects 
factors. Group means were compared with Newman-Keuls 
tests. Some standard deviations were proportional to means 
and group variances were unequal in some cases; analysis of 
log-transformed data eliminated these problems and yielded 
results identical to those for the untransformed data, so our 
results are presented for the untransformed data. 
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TABLE 4 
MEAN DAILY CONSUMPTION (g) BY FEEDER COMPARTMENT POSITION AND TEST DIET 





Position Low 


Medium 


Test Diet 
High 








Left 200.80 (114.59) 58.88 
Center 187.83 (121.66) 62.78 
Right 186.00 (108.89) 61.28 





85.11 (75.75) 24.96 
62.07 (71.41) 20.75 
70.48 (81.15) 23.22 


55.12 (52.67) 16.16 
49.81 (52.98) 16.65 
47.05 (46.50) 15.50 


113.68 (105.48) 
99.90 (106.89) 
101.18 (102.60) 








191.55 (114.99) 60.85 


72.56 (76.57) 23.05 


50.66 (50.76) 16.09 





Entries are: mean (S.D.) percent of total composition. 


Amount of added salt was clearly the principal determi- 
nant of quantities consumed of the three diets during the 
preference testing period, F(2,12)=89.81, p<0.0001, 
Greenhouse-Geisser, whereas the experiential factor of in- 
fant dietary salt level had no significant effect (p =0.2269). 
Post-ANOVA tests indicated that the mean daily consump- 
tion of the Low salt chow (191.55 g) was significantly greater 
than that of both of the Medium and High salt chows (72.56 
and 50.66 g, respectively) (p><0.0001, Newman-Keuls). Av- 
erage daily consumption of the latter two chows did not dif- 
fer significantly. 

As expected, there was a significant sex difference in 
consumption with males eating more on the average than 
females, F(1,6)=12.74, p=0.0118. However, both males and 
females showed the same rank order of dietary preference. 
Specifically, the Low, Medium, and High salt chows corre- 
sponded to 61.99, 22.23, and 15.78 percent consumption, 
respectively, for male animals, and 59.47, 24.05, and 16.48 
percent, respectively, for females. 

Although total daily consumption was related to body 
weight of the individual, we detected no significant differ- 
ences in diet preference as a function of weight by sire or 
weight by infant diet group. A further test for day effects 
showed neither trends nor significant differences among the 
nine test days. We also tested whether the animals were 
eating different portions of the three dietary salt levels in 
order to maintain a constant salt intake. If this were the case, 
one would expect no differences in total salt consumption. 
However, one way ANOVAs of total salt consumption by 
individual animal, sire, infant diet, and test diet all showed 
significant differences at p<0.05. 

Overall consumption grouped and averaged by sire did 
not differ significantly. However, there did appear to be 
some slight differences between sire groups with respect to 
quantities of the three chows consumed during preference 
testing. For example, the High salt chow represented only 
7.3% of sire group X84’s total consumption, while it ac- 
counted for 18-19% of consumption in sire groups X102 and 
X103. Likewise, the Low salt chow accounted for 67.8% of 
sire group A947’s consumption, but only 52.7% of that of sire 
group A776. In any event, the differences in total amounts 
consumed were not large, and the sire by test diet interaction 
was not statistically significant. 

Since the test diets had to be colored in order for experi- 
menters to distinguish among them, and since all three diets 
had to be presented simultaneously, one in each compart- 
ment of a feeder tray, both color and position were consid- 
ered as within-subject factors that might influence consump- 
tion. 


Table 4 shows mean daily consumption by test diet and 
feeder compartment position. As shown in the row marginal 
means, the animals ate an average of 113.7 g/day from the 
left compartment, 99.9 g/day from the center compartment, 
and 101.2 g/day from the right compartment. 

The position effect was statistically significant, 
F(2,12)=4.46, p=0.0357, and Newman-Keuls post-tests 
indicated that consumption from the left compartment was 
significantly higher than that from the center and right com- 
partments (p<0.05) which did not differ significantly. How- 
ever, inspection of Table 4 shows that feeder position did not 
influence dietary preference; that is, overall percentages 
consumed of each diet did not differ significantly as a func- 
tion of position. There were no statistically significant inter- 
actions of position with other factors. 

Our analyses revealed a nonsignificant main effect of 
color on consumption of the three test diets, F(2,12)=0.27, 
p>0.5. The color by infant diet interaction was marginally 
significant, F(4,12)=3.81, p=0.067, and suggests that early 
experience may have influenced some animals’ selection of 
chows during preference testing; however, inspection of the 
individual cell means revealed no systematic relationship be- 
tween color of the infant diets (all yellow) and increased or 
decreased consumption of yellow test chows. Importantly, 
color did not interact significantly with test diet, 
F(4,24)=2.38, p>0.10, and thus did not contribute to the 
large differences in amounts eaten of the Low, Medium, and 
High salt test chows. 


DISCUSSION AND CONCLUSIONS 


The principal finding of the represent study was that 2-3 
year old baboons, each raised from birth on one of three 
diets that differed widely in sodium chloride content, 
demonstrated an overwhelming preference for a low salt 
chow when offered a choice. This outcome suggests that 
infant dietary history played little or no role in the subse- 
quent appetite for salt in baboons of known age and genetic 
background and reared under carefully controlled laboratory 
conditions. There is considerable evidence that cultural fac- 
tors are major determinants of human food preference [33], 
i.e., that most human tastes may be acquired. However, our 
results suggest that genetic factors are the primary determi- 
nants of baboon salt taste preference. Our results also con- 
trast with anecdotal evidence cited by Denton [13], suggest- 
ing that non-human primates living in the wild like the taste 
of salt. However, the diets of our animals were less varied 
than those of animals in the wild, were probably of different 
texture and composition, and possibly differed in many other 
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sensory aspects. The anecdotal observations did not include 
information on salt content of the foods, were generally not 
based on controlled experiments, and are open to a variety of 
interpretations unrelated to dietary salt. 

The sodium contents of our Low, Medium, and High salt 
diets were respectively 1, 6, and 12 mEq/kcal. By compari- 
son, the sodium contents in mEgq/kcal of some common 
human foods are 1.0 or less for tomatoes and most fruits, 
nuts, and berries; 4-5 for raw carrots and cabbage; 7.7 for 
potato chips 15 for saltine crackers; 20 or more for pretzels 
[23]. Thus, the sodium content of the low salt diet probably 
was a reasonable approximation to that of feral baboon diets. 

Many widely used methods in taste preference research 
are based on varying concentrations of the tastant in solu- 
tion. We agree with the criticism that such studies may have 
little in common with taste perceptions of salt in food [3]. 
Thus, while studies of human salt taste preference using salt 
solutions are in agreement with ours (e.g., [2,5]), we do not 
believe they are strictly comparable. After all, it is easy to 
verify by personal experience that those of us who prefer 
salted pretzels or potato chips do not like to drink salted 
water. Even though humans will consume excess dietary salt 
if given the opportunity, our results indicate that exactly the 
opposite holds for baboons. Thus, our results suggest a fun- 
damental difference between salt taste mechanisms in the 
human and baboon, and that the baboon is not a good animal 
model for extrapolating to salt taste preference in humans. A 
recent study of rat salt taste preferences, using solid food, 
agrees with our comments concerning salt solutions and also 
with our baboon results [4]. 

Although color did not affect significantly the animals’ 
overall relative preferences for the Low, Medium, and High 


sodium chows, the color by infant diet interaction suggests 
that color may have influenced the choice of chows in some 
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animals. All infant diets were yellow. This fact, combined 
with the striking preference for the Low salt chow, might 
lead one to hypothesize in retrospect that animals raised on 
the Low salt diet would tend to eat more of the yellow chows 
during the test period, and that animals raised on the 
Medium and High salt diets would consume less of the yel- 
low chows during preference testing. Our data failed to sup- 
port this hypothesis, and the significant interactions involv- 
ing color appear to be due to some individuals who re- 
sponded to color while others did not. 

The significant preference for the left compartment of the 
feeder also is difficult to interpret. Twenty animals ate more 
chow from the left compartment, seven ate more from the 
center, and nine ate more from the right. Prior experience 
may have played a role because the left compartment was 
closest to the position of the normal single feeder to which 
the animals were accustomed. In any case, the animal’s 
tendency to eat more from the left compartment had no sig- 
nificant effect on the salt preference results. 

In conclusion, our data demonstrate that baboons raised 
under carefully controlled laboratory conditions prefer a low 
salt chow regardless of prior experience with dietary salt. 
Further, the baboons’ appetite for a low salt diet contrasts 
sharply with the tendency of certain other species, including 
humans, to seek and consume foods containing large quan- 
tities of sodium chloride. Finally, the baboon probably is not 
a good animal model for studies of salt appetite in humans. 
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MUIR, J. L. AND H. P. PFISTER. Corticosterone and prolactin responses to predictable and unpredictable novelty stress 
in rats. PHYSIOL BEHAV 37(2) 285-288, 1986.—Prolactin along with corticosterone is a stress responsive hormone. The 
present study examined the effect of predictable and unpredictable psychological stress on corticosterone and prolactin 
secretion. Repeated unpredictable exposure to the novelty cage produced a more substantial increase in the level of 
corticosterone than predictable exposure to the same novelty apparatus. In contrast, predictable novelty stress induced a 
more substantial elevation in prolactin levels than unpredictable stress. Furthermore, it was observed that both corticoste- 
rone and prolactin returned to control levels 30 minutes after the fifth exposure to the novelty cage. It was concluded that 
the pattern of exposure to novelty is an important paradigm which effects the magnitude of hormonal responding. An 


important relationship between corticosterone release and prolactin secretion is also indicated. 


Novelty Corticosterone Prolactin 


Predictable stress 


Unpredictable stress 





IT is generally accepted that psychological stress activates 
the pituitary-adrenocortical system [8, 12, 26, 27]. A variety 
of psychological stressors have been identified and used in 
the study of stress including handling [2, 11, 16] crowding 
[20,24] and novelty [14, 30, 32]. 

It has been well documented that the introduction of a 
naive rat to a novel environment results in the rapid rise of 
11-hydroxycorticosterone (11-OHCS) output from the ad- 
renal cortex [7, 14, 18, 32]. This rise in 11-OHCS has been 
regarded as a function of the novelty of the environment [32] 
rather than handling involved in transporting animals to and 
from the novelty apparatus. Although there is conflicting 
evidence available as to whether the initial exposure to han- 
dling leads to a significant elevation in 11-OHCS [9, 18, 30], 
following repeated exposure to this handling experience, 
Pfister [30] reports no significant elevation in 11-OHCS 
levels. This form of stress is also capable of initially produc- 
ing elevations in plasma corticosterone comparable to those 
following more intense stimulation such as electric shock [7, 
15, 17]. Furthermore, as the rat reaches some degree of 
familiarity with the novel environment, a corresponding re- 
duction in 11-OHCS has been observed (30, 31, 32]. Pfister 
[30] reports that rats habituate to a novel environment after 5 
days of repeated (30 min daily) exposures. 

However, the endocrine response to stress is not only 
limited to the release of corticosterone, but also includes 
changes in the level of such hormones as thyroid stimulating 
hormone, growth hormone, luteinizing hormone and 
prolactin [6, 9, 21]. The release of prolactin (PRL) in re- 
sponse to stress is particularly interesting since it has been 
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traditionally regarded as a lactogenic hormone. In the lactat- 
ing female, prolactin is essential for the initiation of milk 
secretion and for the maintainance of lactation. In contrast, 
little information is available regarding the physiological im- 
portance of prolactin in the stress situation. 

There are several similarities between the prolactin and 
the corticosterone responses. Firstly, like corticosterone, 
PRL levels in the blood are elevated following exposure to a 
novel environment [6,9]. Brown and Martin [9], for example, 
found that a single 3 minute exposure to a novel apparatus 
produced a substantial elevation in both corticosterone and 
prolactin levels in plasma. Secondly, prolactin, like cortico- 
sterone, demonstrates a circadian rhythm with peak values 
occurring 6 hours after the adrenal crest and trough levels 
which coincide with the adrenal trough [13]. However, no 
significant diurnal variation in resting prolactin levels was 
observed in male rats by Seggie and Brown [34] or by Brown 
and Martin [9]. Thirdly, like corticosterone, prolactin shows 
a greater sensitivity to stimulation at the trough rather than 
the peak of the adrenal cycle [1]. 

Despite these similarities, prolactin responses are clearly 
different from those of corticosterone in the time taken to 
respond to a stimulus. At the trough of the cycle, the 
prolactin response is more rapid than corticosterone, and 
thus preceded the corticosterone response. In contrast, at 
the peak of the cycle, the prolactin response is slower and 
consequently follows the corticosterone response [9]. 
Studies further suggest [25, 35, 36] that glucocorticoids at- 
tenuate the magnitude of the PRL response following stress. 
The corticosterone response to stress is usually quite pro- 
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longed [10,19]. Consequently the finding that corticosterone 
has an inhibitory effect on PRL secretion may explain the 
observation that rats exposed to long-term or repeated stress 
do not show increased PRL levels [19]. 

Although the changes in corticosterone and prolactin 
levels following novelty stress are well established, few 
studies have examined the effect of the pattern of exposure 
to novelty on the magnitude and/or the duration of these 
responses. The effect of unpredictable exposure to a 
stimulus on prolactin secretion has received little attention. 
However, Mason [26], in a review of psychoendocrine re- 
search, concluded that situations involving anticipation or 
unpredictability of a previously experienced stressor 
produced a greater corticosterone elevation than the stressor 
itself. Experiments carried out using predictable and unpre- 
dictable shock [4,5] have found that animals prefer predict- 
able shock. 

Further support for the greater aversiveness of an irregu- 
larly applied stress is provided by a recent study [33] which 
measured corticosterone levels following restraint stress. 
Quirce, Odio and Solamo [33] report that irregularly sched- 
uled restraint applied for 25 or 36 sessions resulted in cor- 
ticosterone levels which were of greater magnitude and 
longer duration than regularly scheduled trials. This result 
suggests that the pattern of exposure to a stressor may be as 
important in its effect on the organism as the nature of the 
stress itself. 

The present experiment was therefore designed to com- 
pare the effect of different stress schedules on the subse- 
quent changes in 11-OHCS and prolactin levels. More specif- 
ically, this experiment examined the effect of predictable and 
unpredictable exposure to a novel apparatus on the mag- 
nitude and duration of the hormonal responses. 


METHOD 


Animals 


Forty nulliparous female Wistar rats 90-100 days old at 
the start of the experiment were used. Three weeks prior to 
testing, all animals were housed individually in plastic boxes 
measuring 324517 cm in a fully airconditioned holding 
room at 22+1°C. A 12:12 light/dark cycle was instituted. 
Food and water were provided ad lib. 


Glucocorticoid and Prolactin Assays 


The glucocorticoid stress response measured was the 
plasma level of free 11-OHCS, the predominant glucocor- 
ticoid secreted in the rat [23,29]. At the times indicated in the 
procedure, animals were sacrificed by decapitation. The 
blood was collected in heparinized tubes and centrifuged to 
obtain cell-free plasma which was then frozen. One half of 
each sample was used for determination of corticosterone 
levels. Corticosterone levels in plasma were obtained by the 
fluorometric method of Mattingly [28] which is specific for 
free plasma 11-OHCS. Plasma prolactin levels were deter- 
mined by radioimmunoassay [22]. 


Apparatus 


The novelty cage was made of 1 cm wire mesh of 2 mm 
thick wire with a hinged lid and external dimensions 
14.5x20x26 cm. The novelty cage was placed inside the rat 
holding room described above. 
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FIG. 1. Mean values of 11-OHCS (in yg/100 ml of plasma) for CON, 
NOV1, NOV2 and NOV3 groups. 


Procedure 


The forty animals were randomly allocated to four groups 
of 10 rats each. The first group of animals were allocated to 
the control group (CON). These rats were used as undis- 
turbed controls for determination of 11-OHCS and PRL base 
levels. They were therefore left undisturbed until decapita- 
tion and assay. 

The second group of rats (NOV1) received predictable 
exposure to the novel cage and were subjected daily, for five 
successive days, to a single 30 min exposure to the novel 
apparatus. For this group, novelty treatment began each day 
2 hr prior to light onset, and thus at the trough of the circa- 
dian rhythm in relation to 11-OHCS levels [32]. The third 
group of rats (NOV2) received four random exposures to the 
novel apparatus (one 30 min exposure to the novel apparatus 
each day, at a randomly selected time within each 24 hr 
period). However, on the fifth day, novelty treatment for 
NOV? animals began 2 hr prior to light onset and therefore at 
the trough of the circadian rhythm. 

The fourth group of rats (NOV3), were exposed to the 
novel apparatus on the same basis as NOV2 animals, i.e., 
random exposure for five days, with the exception that on 
the fifth day they were returned to their holding box for 30 
min before decapitation in order to evaluate post-stress re- 
covery. 

Novelty treatment for animals of the NOV1, NOV2 and 
NOV3 groups was administered by gently picking up each 
rat by the base of the tail and placing it in the novel appara- 
tus. Thirty minutes later, the rat was again picked up by the 
base of the tail and returned to its holding box. The sampling 
time was identical for all four groups. After their final expo- 
sure, animals of the NOV1 and NOV2 groups were removed 
in their novelty cage from the holding room and taken to the 
preparation room. Blood plasma was collected within 60 sec 
of removal from the holding room. Similarly, at this time, the 
undisturbed control animals (CON) were removed in their 
boxes to the preparation room where they were sacrificed. 
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TABLE | 
PROLACTIN PLASMA LEVELS IN ng/ml 





CON NOVI NOV2 





16.90 113.70 33.30 
1.35 43.4 4.34 





Following their final treatment, animals of the NOV3 group, 
as outlined previously, were returned to their holding box for 
30 minutes. After this period of time, NOV3 animals were 
then taken to the preparation room for plasma collection. 


RESULTS 


The changes in plasma 11-OHCS levels as a function of 
stress treatment are shown in Fig. 1. One way analysis 
of variance revealed a_ significant treatment effect, 
F(3,36)= 17.71, p<0.001. Scheffe post-hoc comparisons re- 
vealed that animals of the NOVI group had significantly 
higher plasma 11-OHCS levels than CON and NOV3 animals 
and that 11-OHCS levels of NOV2 animals were significantly 
higher than those of any of the other three groups (p<0.001). 
No significant change was observed in plasma 11-OHCS 
levels in NOV3 animals compared to CON animals. 

One way analysis of variance on plasma prolactin levels 
also revealed a significant treatment effect, F(3,36)=4.54, 
p<0.01. Scheffe post-hoc analysis showed a significant in- 
crease in PRL levels between CON and NOVI animals. A 
significant decline in PRL levels between the NOVI and 
NOV2 groups and between the NOV! and NOV3 animals 
was also found (p<0.001). The PRL levels of NOV3 animals 
did not significantly differ from those of CON animals (see 
Table 1). 


DISCUSSION 


The suggestion by Quirce et al. [33], that the pattern of 
exposure to a stimulus effects the physiological response of 
the animal, is supported by our findings. Since the time of 
sampling was identical for all groups, the results indicate that 
the pattern of exposure to novelty stress had a substantial 
effect on the magnitude of both the 11-OHCS and prolactin 
response. With regard to 11-OHCS, unpredictable exposure 
to the novelty apparatus produced a more substantial in- 
crease in the level of 11-OHCS than predictable exposure to 
the same novelty apparatus. However, this elevation in 11- 


OHCS was only observed when animals were sacrificed im- 
mediately following their final exposure to the apparatus 
(NOV2). When a 30 minute period elapsed between the final 
treatment and plasma collection, as for NOV3 animals, the 
corticosterone levels returned to control levels. This result 
suggests that the 11-OHCS response will abate in a relatively 
short period of time following repeated random exposure to 
the novelty cage. This is in contrast to the 4 hour delay which 
is required for 11-OHCS to return to base levels following 
initial exposure to the novelty apparatus [32]. 

A return to resting level was also observed for prolactin 
plasma levels of NOV3 animals, indicating that the 30 minute 
time lapse between final treatment and plasma collection was 
also sufficient to allow prolactin to return to control levels. 
However, in contrast to the corticosterone results, the 
prolactin levels of animals receiving predictable exposure to 
the novelty apparatus were significantly higher than those of 
animals which received unpredictable treatment. It is possi- 
ble that this result reflects the attenuation of the PRL re- 
sponse by corticosterone in animals which received unpre- 
dictable novelty treatment. This ability of corticosterone to 
attenuate PRL has recently been reported following psycho- 
logical stress [36]. In our experiment, when animals were 
sacrificed immediately following their final treatment, those 
animals which received predictable exposure to novelty 
(NOV1) responded with a significantly smaller elevation in 
corticosterone than animals which were exposed to the 
novelty apparatus on an unpredictable schedule (NOV2). In 
support of the results obtained by Yelvington er al. [36], the 
NOVI animals also showed a significantly larger PRL re- 
sponse than NOV2 animals. 

However, upon closer examination, it becomes apparent 
that the time of sampling is an important variable to con- 
sider. Samples in the Yelvington et al. study [36] were taken 
around the peak of the corticosterone rhythm at which time 
the corticosterone response precedes the prolactin response. 
In contrast, in our experiment samples were taken at the 
trough of the corticosterone cycle when corticosterone fol- 
lows the prolactin responses [9]. It is therefore apparent that 
the relationship between corticosterone and prolactin is 
complex and one which at this stage is far from elucidated. 

The results of this experiment are not conclusive. How- 
ever, they demonstrate that the pattern of exposure to 
novelty is an important paradigm which affects the mag- 
nitude of both 11-OHCS and prolactin plasma levels. An 
important relationship between corticosterone release and 
the prolactin response is also indicated and a more detailed 
investigation of this relationship and the time course of re- 
sponsiveness requires further experimentation. 
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ROBERT, S. AND A. DALLAIRE. Polygraphic analysis of the sleep-wake states and the REM sleep periodicity in 
domesticated pigs (Sus scrofa). PHYSIOL BEHAV 37(2) 289-293, 1986.—Electrocorticography and concurrent elec- 
tromyography were used during a total of nineteen 24 hr periods in three juvenile pigs in order to establish the quantitative 
duration of the sleep-wake states and the REM sleep cycles. Wakefulness (W), drowsiness (DR), slow-wave sleep (SWS) 
and paradoxical sleep (REM) occupied respectively 46.5%, 15.9%, 26.7% and 10.9% of the 24 hr period. Mean duration of 
episodes was 4.1 min for DR, 6.2 min for SWS and 3.3 min for REM. Sleep cycles (SC) duration was 13.1 min. Near 80% of 
the SC were nocturnal. Analysis of variance showed a significant difference between diurnal and nocturnal duration of SC 
(day<night), as well as between day-time and night-time duration of DR (day>night), SWS (day<night) and REM (day< 
night). A strong negative correlation was also found between the mean duration of SC and the number of SC per day. 


EEG EMG Sleep-wake states 


REM sleep cycles 


Pig 





INFORMATION about sleep in pigs is limited [7]. A few 
authors studied such aspects as the description of the brain 
waves associated with the various states of vigilance [10,12], 
the comparison with electro-corticograms from other species 
[1,12] and the percentage of time spent in different stages [9]. 
In a first study, Ruckebusch and Morel [10] reported that 
juvenile pigs were sleeping around 55% of a 24 hr period, 
20% of this sleep being REM sleep. They also recorded 
complete loss of muscular tone during SWS. In 1972, Rucke- 
busch [9] published comparative data on time spent in the 
different sleep-wake states in farm animals. The state of 
wakefulness occupied 67% of the circadian cycle in pigs, 
compared to 85% in the herbivorous species. Pig was also 
the only species to show equal proportions of drowsiness 
during both day and night, with a greater number of episodes 
than horses, sheeps and cows. 

Kuipers and Whatson [6] were interested in sleeping pat- 
terns of piglets kept in intensive housing. Behavioral obser- 
vations performed during the first five weeks of life showed 
that the duration of REM sleep decreased with age, this de- 
cline being due to a smaller number of bouts per observation 
period than before. The authors concluded that the devel- 
opment of sleep in pigs follows a similar pattern to that of 
other species. Sleeping behavior was also described by some 
authors interested in the behavior of domestic animals [1, 3, 
11}. Signoret et al. [11] reported that adult pigs may spend 
over 80% of the time resting when they are kept indoors and 
fed on concentrates. 

REM-nonREM sleep cycles have not been widely inves- 
tigated in pigs. The only information available gives a mean 
cycle duration of 11 min [2]. Compared to data published for 


other mammals [2, 4, 13], this value is the smallest in domes- 
tic species. 

On the basis of the above, a need was felt for more basic 
information on quantitative aspects of sleep in pigs. Conse- 
quently, a descriptive study of sleep parameters was per- 
formed, using 456 hours of recordings from three juvenile 
pigs. 


METHOD 
Subjects and Surgery 


Three clinically normal pigs (Sus scrofa) around eight 
weeks old were fitted under general anesthesia with chroni- 
cally implanted electrodes for electroencephalography 
(EEG) and electromyography (EMG) recordings. The three 
pairs of EEG extradural electrodes were made of plastic in- 
sulated stainless-steel lead soldered to the head of a silvered 
screw. These electrodes were bilaterally implanted via 
burr-holes in the parietal and frontal bones, the first two 
pairs of screws being located on either side of the fronto- 
parietal sutures. Insulation of each soldered joint and 
screw-head was achieved using dental resin. Three EMG 
electrodes, made out of non-insulated tips (0.1 mm) of single 
plastic insulated stainless-steel lead were implanted in the 
dorsal cervical musculature. 


Apparatus 


After surgery, the pigs were individually housed in 1.6 1.6 
m pens, with food and water supplied two times a day ac- 
cording to a fixed schedule. The room temperature was kept 
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TABLE 1 


MEAN PERCENTAGES (+S.D.) OF SLEEP AND WAKEFULNESS IN 
THREE SUBJECTS DURING 24 HR PERIOD 





Wakefulness Sleep 





Animal 
Pl 41.78 + 3.61 58.22 + 3.61 
P2 43.10 + 4.61 56.90 + 4.61 
P3 53.95 + 4.47 46.05 + 4.47 





TABLE 2 


MEAN VALUES (% + S.D.) OF COMPARATIVE DATA OF SLEEP 
STATES IN THREE SUBJECTS DURING 24 HR PERIOD 








Drowsiness Slow-wave sleep REM sleep 





25.14 + 4.67 54.16 + 3.84 20.70 + 4.84 
27.93 + 5.58 51.18 + 3.08 20.89 + 4.33 
33.32 £3.53 44.77 + 3.14 19.91 + 2.35 
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FIG. 1. Electroencephalographic (top line) and electromyographic FIG. 2. Mean values of relative duration of the EEG patterns during 
(bottom line) recordings of the sleep-wake states of a pig: (a) wake- a 24 hr period. 
fulness, (b) drowsiness, (c) slow-wave sleep and (d) REM sleep. 
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FIG. 3. Frequency distribution of the duration of drowsiness, slow-wave sleep and REM sleep episodes. 

















SLEEP IN DOMESTICATED PIGS 


TABLE 3 


MEAN DURATION (IN MINUTES) (+S.D.) OF DROWSINESS, 
SLOW-WAVE SLEEP AND REM SLEEP EPISODES 


TABLE 4 


MEAN INCIDENCE AND DURATION (IN MINUTES) (+S.D.) OF 
REM-NON REM CYCLES DURING DAY-TIME AND NIGHT-TIME 





Day (12 hr) Night (12 hr) 24 hr period 


Number % Duration 





Drowsiness 4.38 + 3.58 
Slow-wave sleep 4.44 + 4.05 
REM sleep 2.82 + 1.74 


3.78 & ZIT" 
6.93 + 5.73* 
3.53 + 2.08* 


4.11 + 3.32 
6.18 + 5.40 
3.34 + 2.02 





*Indicates a significant difference between day and night 
(p<0.001). 
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FIG. 4. Mean duration (in minutes) (+S.D.) of REM-non REM cy- 
cles in each pig during a 24 hr period. 


constant at 21°C under 12 hr light conditions (06:00-18:00). A 
rotating connector allowed the animals complete freedom of 
movements. The records were done with a polygraph 
(Physiograph, MK-IV, NarcoBio-Systems) at a paper speed 
of 2.5 mm/sec. A low frequency pass filter (cut off 30 Hz) 
was used with the EEG and EMG lead system to eliminate 
some of the artifacts. 


Procedure 


Twenty-four hr records of cerebral and muscular activity 
were done following surgical recovery during respectively 
six, seven and six nyctemeral periods for the three pigs (P1, 
P2, P3). The EEG and EMG recordings, totalizing over 450 
hours, were analyzed by standard visual examination. Four 
sleep-wake states were identified (Fig. 1): wakefulness (W), 
drowsiness (DR), slow-wave sleep (SWS) and paradoxical 
sleep (REM) [8]. Every episode lasting at least one minute 
was scored according to a time scale of 30 sec. REM-non 
REM sleep cycles (SC) were measured by the interval be- 
tween the onset of one REM episode and the next without 
any awakening other than a change in position. 


Day (12 hr) 6.11 + 3.42 


21.65 + 12.74 11.47 + 4.61 
Night (12 hr) 24.47 + + 


11.45 78.35 + 12.74 14.41 + 3.65* 





*Indicates a significant difference between day and night duration 
of REM-non REM cycles (p<0.05). 
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FIG. 5. Frequency distribution of REM-non REM cycles duration 
during a 24 hr period. 


Statistics 


Data were analyzed using a computer program providing 
descriptive statistics, analysis of variance, frequency of dis- 
tribution and coefficients of correlation. The results were 
divided between day and night and pooled for the three pigs 
although some analysis were also performed for each animal. 


RESULTS 


The mean percentages of sleep and wakefulness in each 
pig are presented in Table 1. The animal P3 spent around 
10% less time sleeping than the other two. As shown in Table 
2, sleeping time is distributed between DR, SWS and REM. 
Paradoxical sleep is the most stable of these states with a 
variability of less than 1% between animals, although the 
least frequent of the three sleep states. The animal P3 
showed a sleeping pattern different from P1 and P2, with a 
percentage of DR coming near to that of SWS. The relative 
duration of each EEG pattern during 24 hr period is illus- 
trated in Fig. 2. Data from the three pigs are pooled in the pie 
chart. More than half of the nyctemeral period is occupied by 
sleep. 
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FIG. 6. Regression lines and correlation coefficients illustrating the relation between the mean duration and the number of sleep cycles during 


a 24 hr period. 


Table 3 summarizes the duration of DR, SWS and REM 
episodes during day-time, night-time and a 24 hr period. 
Analysis of variance showed that episodes of DR lasted sig- 
nificantly longer during day than during night (p<0.001). 
Conversely, SWS and REM episodes were shorter during 
day than during night (p<0.001). Data from a 24 hr period 
show that episodes of SWS are the longest with a mean 
duration of 6.18 min, followed by DR and REM. The high 
values of standard deviation obtained from statistical 
analysis in Table 3 motivated a more rigorous analysis of the 
distribution of episodes duration. Figure 3 illustrates the fre- 
quency distribution of the duration of episodes for DR, SWS 
and REM. For each of these states, an important variation is 
seen with data ranging from 1 min to a maximum of 35.5 min 
for SWS. 

The number of REM-non REM cycles have been com- 
puted for day-time and night-time (Table 4). Results indicate 
that the incidence was the highest at night, with 80% of SC 
occurring between 18:00 and 06:00. An analysis of variance 
performed on duration of SC during day-time and night-time 
showed that nocturnal SC lasted significantly longer than 
diurnal SC (p<0.05). The comparative duration of REM-non 
REM cycles in the three pigs is illustrated in Fig. 4. Mean 
values are 12 min for Pl, 15.3 for P2 and 11.5 min for P3. 
Pooled data give a mean duration of SC of 13 min, with 
values of frequency distribution ranging from 2 min to 40.5 
min (Fig. 5). The mean duration of SC correlated well with 
the number of SC per 24 hr when data were analyzed sepa- 
rately for each pig (r=—0.70, —0.81, —0.82). Figure 6 illus- 
trates these results. Lastly, no correlation was found be- 
tween the duration of a REM-non REM sleep cycle and that 
of the preceding episode of awakening (r=—0.05). 


DISCUSSION 


The findings of this study are consistent with previous 
findings regarding mean percentages of sleep and wakeful- 
ness. The percentages observed in this study were very simi- 
lar to those reported by Ruckebusch [9], although this re- 
semblance is obscured by Ruckebusch’s classification of DR 
as a waking state. We preferred to classify DR in sleeping 
states, considering the complete loss of muscular tone and 
superficial resemblance to sleep during this period in pigs. 
The comparison of mean values of sleep states of each pig 
demonstrated that inter-individual variation did not exceed 
12%. In his study, Ruckebusch noted variations between 
animals reaching 25%. 


The present results illustrate the stability of REM pa- 
rameters. The variability of REM as a percentage of total 
sleep between our subjects was less than 1%. Moreover, the 
mean percentage of REM/total sleep of the group differs by 
only 1.5% from Ruckebusch’s data. Besides, the mean dura- 
tion of REM episodes for night-time and a 24 hr period is very 
similar in the two studies (3.5 vs. 3 min and 3.3 vs. 3.2 min). 

The significant differences between day-time and night- 
time duration of DR, SWS, REM and SC episodes demon- 
strated in this study stress the importance of studying sleep 
during both day and night, especially with polyphasic spe- 
cies. The marked contrast between the nocturnal and diurnal 
values leaves doubt whether a single value for a 24 hr period is 
representative of the real sleeping pattern of a species. For 
the same reasons, we feel that our data on SC can hardly be 
compared to those found in the literature. Previous studies 
published on SC have rarely detailed procedure about time 
recording. The fact that a significant difference was found in 
this study between day-time and night-time duration of pig’s 
SC shows the importance of this information. An important 
goal of future research would be to verify this difference 
between day and night SC length among other species, as 
well as the degree of correlation between the duration of 
cycles and the number of cycles during a 24 hr period. These 
two factors were negatively correlated in each pig. These 
findings are inconsistent with Kleitman’s hypothesis [5] of 
SC being the reflection of a cyclic alternation of rest and 
activity of the nervous system independent of external fac- 
tors. In pigs, SC length varies a lot, as illustrated by values of 
frequency distribution, according to different factors includ- 
ing time of the day and number of cycles. Nevertheless, the 
duration of SC was found to be independent of the duration 
of the preceding episode of awakening. The mean SC length 
measured from our three pigs during day-time (11 min) is in 
accordance with values of a previous study [2]. In this study 
published in 1974, Dallaire et al. reported that SC length 
correlated positively with the degree of encephalisation. 

Sleep cycle length varies from species to species. How- 
ever, this sleep variable has received much less attention 
than paradoxical or REM sleep. Sleep cycle may have a 
greater biological significance than each state of sleep con- 
sidered individually. Knowledge of sleep parameters of a 
great variety of mammalian species is still needed for at- 
tempting to determine the exact functions of sleep and signif- 
icance of cycle length. 





SLEEP IN DOMESTICATED PIGS 


ACKNOWLEDGEMENTS 


The authors wish to express their appreciation to Michel Robert 
for his valuable assistance. This study was supported by grants from 
the Conseil des Recherches et Services Agricoles du Québec and the 
Fondation Canadienne de Recherche Vétérinaire and by a fellow- 
ship from the Conseil de Recherches Médicales du Canada awarded 


to S. Robert. 


REFERENCES 


. Craig, J. V. Domestic Animal Behavior. Englewood Cliffs: 
Prentice-Hall Inc., 1981. 

. Dallaire, A., P. L. Toutain and Y. Ruckebusch. The periodicity 
of REM-sleep: Experimental and theoretical considerations. 
Physiol Behav 13: 395-400, 1974. 

. Fraser, A. F. Farm Animal Behaviour. London: Bailliére Tin- 
dall, 1980. 

. Hartmann, E. The Biology of Dreaming. Springfield: Thomas, 
1967. 

. Kleitman, N. Sleep and Wakefulness, 2nd edition. Chicago, IL: 
University of Chicago Press, 1963. 

. Kuipers, M. and T. S. Whatson. Sleep in piglets: an observa- 
tional study. Appi Anim Ethol 5: 145-151, 1979. 

. Meddis, R. On the function of sleep. Anim Behav 23: 676-691, 
1975. 


8. Morgane, P. J., W. C. Stern and J. D. Bronzino. Studies of sleep 


in animals. In: Methods in Psychobiology, vol Ill, edited by R. 
D. Myers. New York: Academic Press, 1977, pp. 189-239. 


. Ruckebusch, Y. The relevance of drowsiness in the circadian 


cycle of farm animals. Anim Behav 20: 637-643, 1972. 


. Ruckebusch, Y. and M. T. Morel. Etude polygraphique du som- 


meil chez le porc. C R Soc Biol (Paris) 162: 1346-1355, 1968. 


. Signoret, J. P., B. A. Baldwin, D. Fraser and E. S. E. Hafez. 


The behaviour of swine. In: The Behaviour of Domestic 
Animals, 3rd edition, edited by E. S. E. Hafez. London: Bail- 
liére Tindall, 1975, pp. 295-329. 


. Stromberg, M. W., R. L. Kitchell, E. A. Usenik and J. M. 


Lagerwerff. Electrocorticographic patterns in normal pigs and 
burros. Am J Vet Res 23: 737-743, 1962. 








Physiology & Behavior, Vol. 37, pp. 295-297. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 


003 1-9384/86 $3.00 + .00 


Differential Immune Response in Two 
Handled Inbred Strains of Mice 


LAURENCE N. RAYMOND, EDWARD REYES, SEI TOKUDA 


University of New Mexico, School of Medicine, Family, Community and Emergency Medicine, 
Albuquerque, NM 87131 


AND 
BYRON C. JONES! 
College of Santa Fe, Santa Fe, NM 


Received 19 July 1985 


RAYMOND, L. N., E. REYES, S. TOKUDA AND B. C. JONES. Differential immune response in two handled inbred 
strains of mice. PHYSIOL BEHAV 37(2) 295-297, 1986.—C57BL/10J and BALB/cJ mice, outfostered at birth to C3H/2Ibg 
dams were subjected to handling on days | through 20 of life. Their plaque forming cell (PFC) response to sheep red blood 
cells as adults on day 5 post-immunization was compared to the PFC response in non-handled control mice. The PFC 
response of handled C57BL/10J mice was significantly suppressed compared to the PFC response in non-handled mice 
while the response of the handled and non-handled BALB/cJ mice was not significantly different. 


Handling Plaque forming cells Mice 





THIRTY-TWO years ago Bernstein [2] first noted that hold- 
ing rats in his hands daily, post-weaning, improved adult 
maze performance. Levine and Otis determined shortly 
thereafter that holding prior to weaning was more effective in 
modifying adult behavior than handling after weaning [16]. 
Subsequent experiments determined that a variety of daily 
environmental alterations performed on the neonate, such as 
translocation [7], shock [15], or shaking [14] were found to 
produce the same behavior alterations in the adult as holding 
the animal [15]. In addition, the term ‘‘handling’’ has been 
used to describe a variety of neonatal environmental altera- 
tions which modify adult behavior. Concomitant with adult 
behavioral modification, handling has been shown to modify 
the adult response to stress as determined by changes in 
corticosterone levels [1], in humoral immunoresponsiveness 
[14, 15, 21] and in resistance to infection [5]. Mouse strain 
variations in the corticosterone response to stress [17] and in 
the mitogenic response to phytohemaglutinin [6] have been 
reported. Differences in the humoral immunoresponsiveness 
in mice [18, 19, 20] and susceptibility to some diseases in 
man [3] are associated with specific areas in their major his- 
tocompatibility complexes. 

Differences in both physiology and behavior in response 
to handling in CS7BL/10J and BALB/cJ mice have also been 
reported [4, 9, 10, 13]. The humoral response of handled rats 
to flagellin exceeds that of non-handled rats [22], while the 
humoral response of handled mice to SRBC is less than that 
of non-handled mice [21]. Based upon these findings we pro- 
pose that there may be strain and species related differences 
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in the effects of handling on the immune response. We report 
here on differential sensitivity to infantile handling as meas- 
ured by the humoral immune response to sheep red blood 
cells (SRBC) in two inbred mouse strains subjected to han- 
dling. 


METHOD 
Animals 


Newborn male and female CS7BL/10J (H-2") and 
BALB/cJ (H-2“) mice from a closed, long established colony, 
were outfostered to multiparous C3H/2Ibg dams within 12 
hours of birth. This was done to maintain homogenous nest 
environs for both strains. Mice were housed in plastic 
shoebox cages containing hardwood chip bedding. Ambient 
temperature was maintained at 25°C +0.7°C. Lighting was on 
a 12 hour light/dark rotation. Food (Wayne Rodent Blocks, 
3% fat diet) and water were supplied ad lib. 


Neonatal Environment Alterations (Handling) 


Mice of both strains were either maintained in their cage, 
(non-handled) or moved singly from their cage with a plastic 
spoon at ambient temperature to a bare metal cage at am- 
bient temperature (handled). Transfer was accomplished dur- 
ing the light cycle between 1300 and 1500 hours daily from 
day one to day twenty-one of life. The mice remained in the 
bare metal cage for three minutes and were gently trans- 
ferred by gravity to their home cage. At weaning, on day 22, 
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all animals were placed in unisex groups of 2 to 5 animals 
until the termination of these experiments. 


Immunization 


Immunization occurred between 50 and 90 days of life. 
The mice were injected intraperitoneally with 0.2 ml of a 10% 
suspension of washed SRBC (defibrinated sheep blood, 
Colorado Serum Company, Denver, CO) in Hank’s balanced 
salt solution (HBSS). 


Test of Immune Response by the Plaque Forming Cells 
(PFC) Assay 


The PFC assay was chosen as a measure of immunores- 
ponsiveness to SRBC since each plaque is presumed to rep- 
resent a single antibody producing cell. On the days indi- 
cated post-immunization, the spleens were removed and dis- 
persed to a single cell suspension in HBSS by passage 
through a 60 mesh stainless steel wire screen. The spleno- 
cytes were washed twice with 15 ml of HBSS by centrifuga- 
tion at 400 x g for 10 minutes and finally suspended in 10 ml 
HBSS. Two hundred microliters of a 6% suspension of 
SRBC were combined with 25 ul of splenocyte suspension 
and 25 ul of fresh frozen guinea pig complement. The sus- 
pension was introduced by capillary action into microslides 
[11] (Vitrodynamics, Rockaway, NJ 07866) with dimensions 
of 0.22x4x 100 mm and a volume of 88 yl. The ends of the 
microslides were sealed with a 75% vaseline, 25% paraffin 
mixture. The slides were incubated at 37°C for 1 hour. PFC 
were determined by microscopic examination of the micro- 
slides at a magnification of 30x. The number of PFC per 
million splenocytes was determined. 


Data Analysis 


Mice of each strain were grouped according to their sex 
and handling condition. A total of 84 mice were tested for 
PFC production on four occasions in groups ranging from 13 
to 40 animals. Experimenters were not aware of the experi- 
mental group to which any mouse belonged until all data 
were obtained. All data obtained in the four experiments 
were combined and evaluated by analysis of variance for a 
three between subjects variables design (strain, sex, han- 
dling). Subsequent comparisons among means were made 
using the Tukey (HSD) method [23]. 


RESULTS 


Immune Response Kinetics 


The number of PFC per million splenocytes was deter- 
mined in non-handled C57BL/10J and BALB/cJ mice post- 
immunization with SRBC (Fig. 1). The peak PFC response of 
BALB/cJ mice occurred on day 4, while the peak PFC re- 
sponse for C57BL/10J mice occurred on day 5. Day 5 was 
chosen as the day of testing for comparison of immunores- 
ponsiveness between handled and non-handled mice of both 
inbred lines to maintain, for a given immunization, con- 
tinuity in SRBC and complement batch. 


PFC Responsiveness of Handled and Non-Handled Mice 


Analysis of variance for the 3-factor experiment revealed 
significant main effects for strain, F(1,83)=31.37, p<0.001, 
handling, F(1,83)= 13.409, p<0.001, and a significant strain 
by handling interaction, F(1,83)=9.104, p<0.004. No effect 
for sex was noted. The effects of handling on the immune 
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FIG. 1. Temporal change in the mean PFC response to SRBC in 


non-handled mice. Each point represents the mean response of 6-20 
mice. 
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FIG. 2. Mean PFC response to SRBC in handled and non-handled 
mice on day 5 post immunization. Vertical bars indicate standard 
error of the mean. 


response to SRBC in both strains of mice are indicated in 
Fig. 2. As expected from previous kinetic data, the PFC 
response of CS5S7BL/10J mice to SRBC is significantly greater 
(p<0.001 than that of BALB/cJ mice, the PFC response of 
handled C57BL/10J mice was suppressed approximately 42% 
with respect to non-handled C57BL/10J mice. The PFC re- 
sponse of handled BALB/cJ mice was slightly, but not signif- 
icantly, less than that determined for non-handled mice. 


DISCUSSION 


In work done by others, handled and non-handled adult 
Swiss Webster (outbred) mice were tested for differences in 
humoral immunoresponsiveness [21]. Handled mice were 
found to have significantly less PFC response than non- 
handled mice. Others have noted that humoral immune re- 
sponsiveness of Fisher rats to flagellin is greater in handled 
animals [22]. The disparity between the responses of handled 
mice and rats may be the result of species difference or to the 
immunological response to the structural differences be- 
tween the two antigens, flagellin being a T-independent 
antigen, and SRBC being a T-dependent antigen. 

Our aim has been to examine alterations in humoral im- 
munoresponsiveness with respect to handling against a 
milieu of genetic polymorphism between inbred strains of 
mice rather than that found in a single outbred line of experi- 
mental animals. We chose the C57BL/10J and BALB/cJ lines 
because of preliminary data which suggest significant differ- 
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ences in the behavior and physiology of these two lines after 
handling [4, 9, 10, 13]. The data presented here suggest that 
the CS7BL/10J strain responds with a significant depression 
in PFC to SRBC when handled, while the BALB/cJ strain 
shows no significant alteration when handled. 

Genetic differences between strains of mice account for 
variations in both humoral and cellular immunoresponsive- 
ness [8, 12, 14, 15, 21]. Our data support these findings not- 
ing kinetic differences in immunoresponsiveness between 
two mouse strains and demonstrates an alteration in im- 
munoresponsiveness post-handling. The altered immunores- 
ponsiveness in handled C57BL/10J mice may reflect a shift in 
immune response kinetics. Our data and the previously 
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noted differences in behavior and physiology of handled 
mice of different inbred lines suggests the use of such inbred 
lines as a model system in the examination of the effects of 
handling. Such a model may provide a more comprehensive 
picture than is currently available concerning the relation- 
ships between immune response, genetics, behavior and 
neurobiology. 
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YAMAMOTO, T. AND K. ASAI. Effects of gustatory deafferentation on ingestion of taste solutions as seen by licking 
behavior in rats. PHYSIOL BEHAV 37(2)299-305, 1986.—The role of the taste nerves in licking behavior to various taste 
solutions was examined in rats. The study consisted of two experiments. In the electrophysiological experiment, the whole 
nerve recording of the anterior palatine nerve (PN) was performed to examine the response properties of this nerve to taste 
stimulation applied to the taste buds in the nasoincisal duct. When the moderate concentrations of solutions were used, the 
PN responded best to HCl, followed by sucrose and NaCl. Quinine hydrochloride elicited the smallest response. In the 
behavioral experiment, the number of licks/20 sec was measured for each of the test solutions such as 0.5 M sucrose, 
0.01-1.0 M NaCl, 0.03 M HCI and 0.0005 M-0.01 M quinine in normal control and experimental rats. The experimental 
animals received bilateral deafferentation of the PN, chorda tympani (CT) and glossopharyngeal nerve (GN) alone or in 
various combinations. Rats without one of the 3 taste nerves still rejected the aversive HCl and quinine solutions. 
However, after lesions of both CT and GN, or all the 3 taste nerves, the rats showed a significant increase in the number of 
licks to these aversive solutions. These results suggest that taste aversion disappears after denervation of more than 80% of 
the total taste buds. The interlick interval, lick duration and the amount of intake per lick did not change significantly after 


sections of the taste nerves in any combinations. 


Taste nerve Taste response Denervation 


Licking behavior 





TASTE information in mammals is conveyed via the four 
major pathways, i.e., chorda tympani, glossopharyngeal 
nerve, greater superficial petrosal nerve (a branch of the 
facial nerve) and superior laryngeal nerve (a branch of the 
vagus nerve), which innervate taste buds in the fungiform 
papillae on the anterior 2/3 of the tongue, in the foliate and 
circumvallate papillae on the posterior '/; of the tongue, in the 
palate, and in the epiglottis and pharyngeal wall, respec- 
tively. A number of investigators showed the different taste 
responsiveness between the chorda tympani and the glos- 
sopharyngeal nerve by the electrophysiological method in 
mice [36], gerbils [29], rats [2, 13, 14, 28, 30, 32, 41, 43], 
rabbits [2,42], cats [2, 21, 42], dogs [2,15], goats [4], sheep 
[4], calves [2, 4, 5] and monkeys [2]. A common response 
property in various species may be that some taste stimuli 
such as NH,Cl, KCI and quinine elicit greater responses in 
the glossopharyngeal nerve than in the chorda tympani. In 
comparison to these well-studied taste nerves, only a few 
studies have been reported on the taste responses of the 
superior laryngeal nerve [6, 35, 37], and of the greater super- 
ficial petrosal nerve [3]. Psychophysical studies in humans 
have also shown that gustatory sensitivity to taste solutions 
differs depending on the site of stimulation of the tongue and 
palate [11, 20, 26, 34]. 

Several investigators studied the functional role of these 
taste nerves in ingestive behavior. Richter [33], Pfaffmann 
[31] and Akaike et al. [1] examined changes of preference- 


aversion behavior by monitoring the amount of intake of 
NaCl and quinine solutions after dissections of either one or 
both of the chorda tympani and the glossopharyngeal nerve. 
They used the two-bottle preference method, and found a 
great diminution of preference-aversion behavior only after 
lesions of both taste nerves. Vance [39] found a similar lack 
of effect on the preference for sucrose in rats with the chorda 
tympani, glossopharyngeal nerve, and pharyngeal branch of 
the vagus nerve sectioned bilaterally. The role of the taste 
nerves in qualitative discrimination of gustatory stimuli has 
been studied by Ninomiya et al. [27], who showed that taste 
information conveyed by the chorda tympani was more im- 
portant for discriminating the taste of different sweeteners 
than the glossopharyngeal nerve. Meanwhile, Jacquin [22] 
reported that the gustatory deafferentation procedure signif- 
icantly reduced responsiveness to food and water, and re- 
tarded body weight gain, indicating the importance of gus- 
tatory inputs in the control of ingestive behavior. 

The present study aims to reexamine the functional role 
of each taste nerve in fluid intake based on hedonic aspects 
of taste stimuli. Licking behavior was analyzed during brief 
exposures of taste solutions to avoid a possible effect of the 
post-ingestional factor, which might result from the two- 
bottle method. Besides the chorda tympani and the glos- 
sopharyngeal nerve, the anterior palatine nerve, which con- 
tains the greater superficial petrosal nerve fibers innervating 
taste buds in the nasoincisal duct [24] was also lesioned. To 
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examine the taste responsiveness of the latter nerve, an elec- 
trophysiological recording experiment was performed prior 
to the behavioral experiment. 


METHOD 
Electrophysiological Experiment 


Electrical activities of the anterior palatine nerve (PN) 
were recorded in 4 male rats (250-300 g). Animals were 
deeply anesthetized with an IP injection of sodium pen- 
tobarbital (40 mg/kg) and urethane (500 mg/kg). After 
tracheal cannulation they were fixed in a supine position 
with their mouth wide open by a jaw opener. The lower 
incisor teeth were cut for easy access to the hard palate. The 
PN was cut near the palatine foramen, and the distal part was 
dissected free from the palatal soft tissue. Afferent nerve 
discharges of PN were recorded by conventional elec- 
trophysiological equipments consisting of an amplifier, dis- 
play, and tape recorder. The stored responses were routinely 
displayed as summated responses by use of a summator (or 
integrator, Nihonkoden, EI-600G) (time constant: 1 sec), and 
as pulse counts occurring per 0.5 sec within a selected win- 
dow by use of a spike counter (DIA Medical, DSE-325P). 

Taste stimuli made up with distilled water consisted of 0.5 
M sucrose, 0.1 M, 0.5 M and 1.0 M NaCl, 0.01 M and 0.03 M 
HCI and 0.01 M, 0.02 M quinine hydrochloride (QHC1l), and 
0.5 M KCl. All the chemicals used in the electrophysiological 
experiment and in the behavioral experiment, except QHCI, 
which was Japanese pharmaceutical grade, were reagent 
grade. 

A fine polyethylene tubing (0.5 mm o.d.) was attached to 
the oral opening of the incisal duct. Then, 0.5 ml of a test 
solution contanined in a 1 ml syringe was delivered (0.015 
mi/sec) to pass through the incisal duct from the oral side to 
the nasal cavity. Distilled water was passed in the same 
manner for rinsing. Stimulus solution and rinsing water were 
at the room temperature. Another polyethylene tubing (1.3 
mm 0.d.) was inserted into the nasal cavity from the nostril, 
through which the stimulus liquids and rinsing water poured 
in the nasal cavity were continuously sucked out by a water 
suction pump. 


Behavioral Experiment 


A total of 45 Wistar male rats (200 g at the beginning of the 
experiment) were used. They were housed in wire-mesh 
home cages where rat food (Oriental Co. MF) was available 
ad lib, and were put on a 23-hr water-deprivation schedule 
and trained to drink for 1 hr in a 21 X21 30 cm high test box. 
The rats licked a various kind of liquids in the test box froma 
single drinking tube via a circular window (12 mm diameter). 
The tip of a glass spout (6 mm inner diameter) from this tube 
was positioned 2.5 mm outside from the window. 

The animals were randomly divided into a control group 
and 8 experimental groups, five in each group. Rats in the 
experimental groups received bilateral lesions of the PN (P 
group), chorda tympani (CT) (C group), glossopharyngeal 
nerve (GN) (G group), Lingual nerve (L group), PN and CT 
(P+C group), PN and GN (P+G group), CT and GN (C+G 
group), or all the PN, CT and GN (P+C+G group). Some 
rats received additional sections of the taste nerves in var- 
ious orders, e.g., first PN cut, then CT cut (PN and CT 
deafferented), and GN cut (all the three taste nerves sec- 
tioned). These rats were also grouped appropriately into 
each of the previous groups for data analysis. 
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FIG. 1. Neural responses of the anterior palatine nerve to water, 
taste, and tactile stimulations applied to the nasoincisal duct. The 
neural discharges are displayed as summated responses (A), and 
histograms of number of impulses in successive 0.5 sec periods (B). 
The horizontal line indicates the period of stimulation. Each solution 
was applied for 30 sec. 


All the denervations were done bilaterally. The PN was 
cut after a small incision on the tissue overlying the hard 
palate at a point about 4 mm posterior to the nasoincisal 
papilla and about 1.5 mm lateral from the midline. Care was 
taken not to damage the blood vessels running along the PN. 
The CT was lesioned in the middle ear after removing the 
tympanic membrane and ossicles. The GN was sectioned in 
the neck under the digastric muscle. The LN was cut under 
the mylohyoid muscle, which means that both the CT and 
the trigeminal component of the lingual nerve were deaffer- 
ented. 

The animals were given ad lib water and food for 3-7 days 
following surgery, then they were put back on the same 
water deprivation schedule. To record the lick signal, a drink- 
ometer using either capacitive sensor [25] or photometry 
[45] was used. The lick pulse was stored on magnetic tape. 
The interlick interval analysis, and the measurements of lick 
duration and number of licks/20 sec were performed by use 
of a mini-computer system (Nihonkoden, ATAC-2300). The 
volume of liquid per lick removed from the drinking spout 
was calculated by dividing the amount of liquid consumed by 
the number of licks. 

The test liquids were distilled water, 0.03 M NaCl, 0.1 M 
NaCl, 0.03 M HCl, 0.01 M NaCl, 0.0005 M QHCI, 0.5 M 
sucrose, 0.05 M NaCl, 0.3 M NaCl, 0.5 M NaCl and 1.0 M 
NaCl. Taste solutions were made in distilled water. Each of 
these liquids were presented for 20 sec in this order 2 times, 
and the number of licks was obtained as a mean. The test 
session lasted at least 4 successive days. 


RESULTS 


Taste Responses of the Anterior Palatine Nerve 


Figure 1 shows the representative responses of the PN 
when water, taste solutions, and tactile stimulation with a 
small glass rod were applied to the nasoincisal duct or 
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FIG. 2. Effects of gustatory deafferentation on licking behavior. 
Licking patterns to 0.1 M NaCl are not different between preopera- 
tive and postoperative states (A). The number of licks for the aver- 
sive solutions, which are rejected in normal state, increases pro- 
gressively following the increase of the number of taste nerves 
lesioned (B and C). The kind of taste nerves lesioned is indicated by 
the letters such as P, C, G, which stand for the anterior palatine 
nerve, chorda tympani and glossopharyngeal nerve, respectively. 


nasoincisal papilla. Both the summated responses (Fig. 1-A) 
and pulse counts (Fig. 1-B) are shown. Mechanical stimula- 
tion, even with a light tactile stimulation, applied to the 
nasoincisal papilla induced a brisk response in units with 
large spike heights. Therefore, care had to be taken not to 
move this region during delivery of stimulus solutions. Taste 
responses were detected as an increased firing frequency of 
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units with smaller spike heights; the responses tended to 
increase with the increase of stimulus intensity as suggested 
in this figure by the responses to NaCl, HCI and QHCI solu- 
tions. 

Since the taste responses were generally very small in 
magnitude, it was practically impossible to quantify the 
summated responses accurately. Therefore, pulse counts 
were used to compare the responsiveness among water and 
chemical stimuli. The net response magnitudes (spontaneous 
rate was subtracted from the response rate) during the 10 sec 
after onset of stimulation were 131+65 (mean+SD, n=4), 
202+73, 189+63, 208+73, 166+57 and 180+51 for distilled 
water, 0.5 M sucrose, 0.1 M NaCl, 0.01 M HCl, 0.02 M 
QHCI and 0.5 M KCl, respectively. A statistical analysis 
(paired t-test) showed that the responses to taste stimuli 
were significantly (p> <0.05) larger than the water response, 
and the responses to 0.01 M HCI was significantly (p<0.05) 
larger than that to 0.02 M QHCI. 


Behavioral Experiment 


Effects of gustatory denervation on licking behavior differ 
depending on both the combination of taste nerves lesioned 
and the taste solutions presented. Examples of the actual 
licking patterns to NaCl, HCI and QHC! solutions in three 
different rats before (normal) and after denervation are 
shown in Fig. 2. Licking pattern to 0.1 M NaC! did not differ 
between before and after denervation (Fig. 2-A). This may 
be due to the brief exposure (20 sec) test where water- 
deprived rats ingested palatable solutions continuously 
throughout the presentation period. On the other hand, the 
rats tended to show an increasing licking rate as their taste 
nerves were successively lesioned, and the rats with more 
than two taste nerves deafferented showed a great increase 
in licking rate to HCl and QHCI solutions, which are aver- 
sive to normal rats (Fig. 2-B and C). Generally, the increased 
licking rate was achieved by increasing both the number of 


TABLE | 
NUMBER OF LICKS PER 20 SEC IN NORMAL AND DEAFFERENTED RATS 
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10 29 20 13 16 





Mean number of licks is indicated in the upper row, and its standard deviation in the lower row. Numerals in parentheses indicate 


the number of animals. 


*Number of licks increased statistically significantly (p><0.05, Mann-Whitney U test) over the comparable control value. 





0.5M Sucrose 0.1M NaCl 


santa AHA 


LLL 


0.03M HCI 
















































































5x104%M Quinine 


| 
sual 


G GGG 
Combination of denervated nerves 


Number of licks / 20 sec 











FIG. 3. Number of licks in rats with their taste nerves cut in 
various combinations. Each column with a small bar shows the 
mean+S.D. number of licks/20 sec in denervated rats. The 
mean+S.D. number of licks in normal control rats is shown by the 
solid circle with a small bar. The dotted column shows that the 
number of licks increased significantly (p<0.05, Mann-Whitney U 
test) more than that in normal rats. The abbreviation is the same as 
that in the legend for Fig. 2. 


bursts and the number of licks per burst in terms of mac- 
robehavioral aspects of drinking behavior, which is known to 
consist of bursts of licking responses separated by pauses 
[10]. Introducing QHCI solution gives a termination of the 
first burst within less than | sec in both the normal rats and 
the P+C group rats, indicating a rapid discrimination of the 
aversive taste of QHCI without involvement of the taste buds 
on the anterior parts of the oral cavity. 

The main part of the behavioral data are summarized in 
Table 1, and graphically represented partly in Fig. 3. The 
number of licks to distilled water was fairly constant in the 
normal control rats and lesioned rats. Similarly deafferenta- 
tion of the taste nerves with any combinations produced no 
significant difference in the licking rates to the palatable so- 
lutions such as 0.5 M sucrose and low concentrations of 
NaCl solutions as compared with the normal rats. These 
results mean that the water deprived rats drank water and 
preferred solutions indiscriminately for 20 sec. Sections of 
only the PN had no significant effects on the licking behavior 
to all the solutions tested in the present experiment. How- 
ever, additional dissection of the PN to group C rats 
produced a significant increase in the number of licks to 0.5 
M and | M NaCl to which group C rats showed no signi- 
ficant increase of lickings over the control levels. Sec- 
tions of CT or GN significantly increased the licking rates to 
0.3 M NaCl or 0.5 M NaCl, respectively. The numbers of 
licks to HCl and QHCI increased significantly (p><0.05, 
Mann-Whitney U test) after sections of both CT and GN, or 
all the three nerves in comparison to that of normal rats. Rats 
in P+C+G group drank not only 0.0005 M QHCI, but the 
very high concentration of 0.01 M QHCI with the mean 
number of licks/20 sec of 118+15 (SD, n=5). 


YAMAMOTO AND ASAI 


0.03M HCI 5x10 4M Quinine 


e 





0.5M NaCl 
de 


* 
oe 


1M NaCl 


Percentage of licks 


60- 
40, 


20 - 4 
0 T Tt T T 7 ‘° : T T T 7 
0 20 40 60 80100 0O 20 40 60 80 100 
Percentage of denervated taste buds 
FIG. 4. Relationships between the licking rate and the number of 
denervated taste buds. The mean number of licks is expressed in 
percentage when the licking rate to water is taken as 100%. Percent- 
age of the number of taste buds denervated by lesions of each taste 
nerve is derived from Miller’s study [24]. Solid dots represent the 
results obtained in normal rats and in rats with their taste nerves 
sectioned in various combinations. Licking rate in rats with their 
trigeminal component of the lingual nerve lesioned is shown by an 
open circle. Asterisk denotes that the licking rate increased statisti- 
cally significantly (o><0.05, Mann-Whitney U test) higher than that 


in normal rats. The abbreviation is the same as that in the legend for 
Fig. 2. 











There is a possibility that the increased intake of aversive 
taste solutions after gustatory deafferentation is correlated 
with the number of denervated taste buds. Therefore, the 
interrelations between the number of licks and the number of 
denervated taste buds were examined, and the results are 
shown in Fig. 4. Although there is a tendency that the more 
the taste buds are denervated, the more the intake of the 
aversive solutions increases, the increase of the number of 
licks is not proportional as a whole to the increase of the 
number of denervated taste buds. However, when the plots 
are devided into 2 parts, i.e, one part containing GN lesions 
(rightmost four plots in each graph) and another part with 
GN intact (leftmost four plots), a very good correlation is 
obtained within each part. Deafferentation of both CT and 
GN, which results in denervation of about 80% of the whole 
taste buds [24], is necessary to increase the intake of HCl 
and QHCI solutions significantly larger than that in the nor- 
mal rats. On the other hand, denervation of only 20% of the 
total taste buds (PN and CT cut) is necessary to get a signifi- 
cant increase in the intakes of a less aversive stimulus such 
as 0.3 M and 0.5 M NaCl. Similarly, denervation of the taste 
buds only in the anterior part of the mouth significantly in- 
creased the intake of 1 M NaCl. But denervations of 64% 
(GN cut) or 69% (PN+GN cut) of the total taste buds showed 
no significant effects on licking of 1 M NaCl solution. The 
effect of deafferentation of the LN was similar to that of CT 
alone. 


Effects of Denervation on Licking Pattern 


The volume of intake per lick, interlick interval, and lick 
duration during presentation of 0.5 M sucrose or 0.1 M NaCl 
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FIG. 5. Licking patterns in normal and denervated rats. The 
mean+S.D. volume/lick removed from the drinking spout in normal 
rats (N), rats with the three taste nerves sectioned (T), and rats with 
the trigeminal component of the lingual nerve sectioned (L) is shown 
in A. The mean interlick interval +S.D. (B) and the mean lick dura- 
tion +S.D. (C) are compared among the three groups. Variation 
coefficients, a value obtained when the mean was divided by the 
standard deviation, for interlick intervals (E) and durations (F) are 
also compared among the three groups. The value shown by the 
dotted column means that the difference was statistically significant 
(p<0.05, Mann-Whitney U test) from that of normal rats. 


were analyzed and compared among normal rats, rats in 
P+C+G group, and rats in L group. The results are sum- 
marized in Fig. 5. It may be generally concluded that deaf- 
ferentation of the taste nerves has no significant effects on 
those aspects of licking patterns. Although the mean volume 
of intake/lick was decreased by about 0.8 yl after denerva- 
tion of taste buds, this difference was not significant. After 
lesions of the LN, both interlick interval and the mean lick 
duration were increased, but the differences were again not 
significant (p>0.05, Mann-Whitney U test). Only the lick 
duration varied significantly greatly after the trigeminal deaf- 
ferentation of the tongue, indicating a loss of fine control of 
tongue movements. Those rats bit their tongue. 


DISCUSSION 


It was difficult to obtain clear-cut gustatory responses 
from the whole anterior palatine nerve. This may be attrib- 
uted to the composition of this nerve, which consists of a 
large proportion of trigeminal somatosensory fibers innervat- 
ing the anterior part of the hard palate, and only a small 
portion of the facial component of gustatory fibers innervat- 
ing the nasoincisal taste buds. Since the summated responses 
were too small to compare the response magnitudes accu- 
rately, multi-unit spikes were counted in an attempt to exam- 
ine some quantitative aspects of taste responses. The result 
suggested that the palatine nerve responded best to HCl, 
followed by sucrose and NaCl, and least to QHCI, when the 
moderate concentrations of the solutions were used. There is 
a possibility that the fairly big responses to strong solutions 
such as 1 M NaCl or 0.03 M HCI might have included re- 
sponses of general somatosensory receptors in the nasoinci- 
sal mucous membrane. 

The function of the taste nerves in taste-guided behavior 
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might depend upon the magnitude of taste information 
transmitted by each nerve. By combining the present PN 
responses with the previously reported CT and GN re- 
sponses, there is a tendency that informatin of the taste of 
sucrose and HCI are transmitted more effectively from the 
anterior part than the posterior part, while that of QHCI and 
KCI are conveyed more effectively from the posterior than 
the anterior parts. NaCl response is elicited in a similar pro- 
portion among the three taste nerves. 

In spite of the suggested differential response charac- 
teristics of each taste nerve, deafferentation of only one kind 
of taste nerve showed no significant effect on licking behav- 
ior except the increased licking rates to 0.3 M NaCl in group 
C rats and to 0.5 M NaCl in group G rats. However, when 
the taste buds occurring in the anterior part of the mouth 
(only 20% of the total taste buds) were denervated by com- 
bined sections of the PN and CT, the licking rates to 0.3 M, 
0.5 M and | M NaCl increased significantly over the control 
levels. This result suggests an important role of these nerves 
in mediating the taste of NaCl. On the other hand, it is sur- 
prising that bilateral GN lesions, which denervated all the 
taste buds located in the posterior tongue (about 65% of the 
total), did not show any significant increase in licking rate to 
QHCI solution. This finding might be explained by the con- 
vergence of taste input via different taste nerves in the cen- 
tral taste neurons. As suggested by Halpern and Nelson [19] 
in the rat solitary nucleus, some neurons show a smaller 
response magnitude when both the anterior and posterior 
parts of the tongue are simultaneously stimulated rather than 
when either part of the tongue is stimulated individually, 
indicating the existence of a mutually inhibitory influence. 
Another explanation is that the rat with a partial gustatory 
disfunction might become very cautious of ingestion. Such 
elevated attention toward ingestion possibly increases the 
gustatory sensitivity by the action of the higher central nerv- 
ous system. 

Rats with taste buds only on the soft palate, pharyngeal 
wall and epiglottis (rats in P+C+G group) ingested very high 
concentration of QHCI (0.01 M) and HCI (0.03 M) solutions 
as if they were palatable solutions. This means that taste 
buds at the rear of the mouth are not so sensitive as to reject 
these solutions. However, those rats still tended to reject 
intake of 1 M NaCl. Since somesthetic denervation of the 
anterior hard palate and the anterior part of the tongue had 
no effect on intake of 1 M NaCl, the rejection of 1 M NaCl is 
not due to excitiation of non-gustatory receptors in the oral 
mucosa as was demonstrated to be for very strong taste so- 
lutions by Kawamura et al. [23]. Shingai [35] showed that the 
superior laryngeal nerve was sensitive only to water and not 
responsive to NaCl in rats. This nerve is considered to play 
a more important role in initiation of upper airway protective 
reflexes and swallowing rather than elicitation of taste sen- 
sation. Therefore, the taste buds existing in the soft palate 
may be responsible for the rejection of 1 M NaCl intake. In 
the present experimental paradigm, 23-hour water deprived 
rats drank distilled water and the preferred taste solutions 
indiscriminately for 20 sec. Therefore, effects of deaffer- 
entation of taste nerves on ingestion of preferred taste solu- 
tions remains to be solved. 

The time from the onset of the first lick to temporal ces- 
sation of licking of quinine solution is similar between nor- 
mal rats and rats with their taste buds situated in the anterior 
part of the oral cavity denervated (or P+C group rats). This 
means that taste liquids are quickly delivered backward to 
stimulate the taste receptors on the rear of the oral cavity. In 
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spite of massive researches on the licking behavior (for re- 
view, see [17,18]), no quantitative study has been reported 
on the movement of an ingested liquid within the oral cavity. 

The taste buds cannot be denervated without inducing 
some possible side effects. For example, cutting the CT in 
the middle ear deafens the animals. It seems, however, that 
the effect of deafness on the present licking behavior was 
negligible, since the licking patterns in rats with the CT cut 
and in rats with the GN cut (not deafened) were not different 
to 0.03 M HCI, 0.0005 M QHCI, or 1 M NaCl. When the PN 
or GN were cut, general somatosensory inputs as well as 
taste inputs were severed. Therefore, the behavioral changes 
may have reflected the combined effects of loss of taste and 
somatosensory inputs. It is known that desalivation by duct 
ligation or salivary gland extirpation produces changes in 
taste preference in rats [7, 8, 9, 16, 38]. In the present exper- 
iment, secretory fibers to the sublingual and submandibular 
glands were cut by CT dissection. The parotid glands, on the 
other hand, were intact after dissection of the GN, because 
no secretory fibers were contained at the point where this 
nerve was cut. Partial desalivation in humans suggests that 
short-term salivary flow reductions (30-75% of normal 
levels) have no effects on human taste thresholds [10]. How- 
ever, considering the facts obtained in rats that removal of 
only the submandibular-sublingual gland complexes 
produced a severe taste defect [9] and the changes occurred 
within a few days after destruction [7], the reduction of sali- 
vation may have played some role in the behavioral changes 
after nerve cuttings in the present experiments. 

The present study has shown that the interlick interval 
and lick duration are not different between control rats and 





YAMAMOTO AND ASAI 


rats with the three taste nerves sectioned, although a small 
reduction (by about 15%) of lick-efficiency (volume/lick) was 
noted. On the other hand, bilateral lesions including the 
trigeminal portion of the lingual nerve showed an increase in 
the interlick interval and lick duration, and a significant re- 
duction in volume/lick (by about 30%). Also the lick duration 
became significantly more variable than that in the control 
rats. These results are similar to those reported by Weijnen 
[40], who analyzed the effects of denervation of the tongue 
on the licking pattern precisely in rats. He showed that the 
lesions of the GN had no effect on the licking behavior ex- 
cept a small shift of intercontact times to longer intervals, 
but the lesions of the CT alone induced the increased pro- 
portion of short contact times, reduced volume/lick (by 
about 20%) and the shift of intercontact intervals to longer 
intervals. As also noted by Weijnen [40], deafferentations of 
the tongue sensory nerves may preserve the normal rhyth- 
mical tongue movements [44], suggesting that in spontane- 
ous drinking behavior rhythmical oro-lingual movements are 
exclusively driven by the central neural control system 
rather than by peripheral sensory inputs. However, well- 
controlled or skillful movements of musculatures may be 
achieved by the feedback mechanisms involving mainly 
somatosensory inputs from the tongue. 
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McELROY, J. F. AND G. N. WADE. Short photoperiod stimulates brown adipose tissue growth and thermogenesis but 
not norepinephrine turnover in Syrian hamsters. PHYSIOL BEHAV 37(2) 307-311, 1986.—This experiment examined the 
effect of short photoperiod on food intake, body weight, carcass composition, and brown adipose tissue (BAT) activity in 
female Syrian hamsters (Mesocricetus auratus). BAT function was assessed by measuring sympathetic nervous system 
(SNS) activity in BAT (estimated by the rate of norepinephrine (NE) turnover), BAT mitochodrial content (estimated by 
cytochrome c oxidase activity), and BAT mitochondrial proton conductance (estimated by guanosine-5’-diphosphate 
(GDP) binding to isolated BAT mitochondria). Food intake and body weight were both increased in short photoperiod- 
housed hamsters (8-hr light, 16-hr dark; LD 8:16) when compared to those of the long photoperiod-housed controls (LD 
16:8). The weight gain was entirely due to an increase in carcass lipid. Interscapular BAT (IBAT) pads from short 
photoperiod-housed hamsters were 53% heavier and contained comparably more protein and DNA. Short photoperiod 
produced a 118% increase in BAT cytochrome c oxidase activity and a 41% increase in specific mitochondrial GDP binding. 
Whether expressed per mg wet tissue or per pad, neither the endogenous concentration of NE nor its rate of turnover were 
changed by short photoperiod exposure. These results demonstrate a dissociation of BAT thermogenesis from SNS activity 


in BAT from short photoperiod-housed Syrian hamsters. 
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BROWN adipose tissue is a major source of metabolic heat 
production (nonshivering thermogenesis) in adult rodents 
during cold acclimation or overfeeding [6, 16, 19]. Stimula- 
tion of brown adipose tissue mobilizes fatty acids which are 
oxidized in brown adipose tissue mitochondria. The inner 
membranes of brown adipose tissue mitochondria contain a 
unique proton short circuit pathway which permits oxidation 
of metabolic fuels without formation of ATP thus releasing 
large amounts of heat. The increased heat production pre- 
vents hypothermia in cold-exposed animals and minimizes 
the weight gain in overfed animals. The activity of this 
proton short circuit can be estimated by measuring the bind- 
ing of the purine nucleotide, guanosine-5S’-diphosphate 
(GDP), by the uncoupling protein in the inner mitochondrial 
membrane (for reviews see [6,16]). 

Brown adipose tissue thermogenesis is regulated in part 
by the sympathetic nervous system (SNS) through the re- 
lease of norepinephrine (NE) from sympathetic nerve fibers 
densely innervating brown adipose tissue [11]. In most spe- 
cies (including rats, mice, and Siberian hamsters) increases 
in brown adipose tissue growth and functional activity are 
associated with elevated SNS activity in this tissue [6, 11, 
14]. However, Hamilton et al. [5] recently reported a dis- 
sociation of sympathetic and thermogenic activity in brown 


adipose tissue of Syrian hamsters (Mesocricetus auratus). 
Specifically, feeding of a high-fat diet suppressed NE turn- 
over in brown adipose tissue while increasing cytochrome 
oxidase activity and mitochondrial GDP binding in this tis- 
sue. One aim of this investigation is to determine whether the 
diet-induced dissociation of sympathetic and thermogenic 
activity in Syrian hamster brown adipose tissue is specific to 
fat feeding or can be extended to another stimulus, exposure 
to a short photoperiod. 

In addition to temperature and diet, photoperiod can also 
serve aS an environmental cue for brown adipose tissue 
growth and thermogenesis. In Syrian hamsters, exposure to 
a short photoperiod (e.g., LD 8:16) increases body weight 
and fat content, particularly in females [1, 8, 24]. Somewhat 
paradoxically, this weight gain is accompanied by a growth 
of brown adipose tissue and an increase in whole animal 
thermogenic capacity [1,24]. Another aim of the present 
investigation was to characterize more extensively the ef- 
fects of exposure to a short photoperiod on brown adipose 
tissue in female Syrian hamsters. Brown adipose tissue 
function was assessed by measuring SNS activity (estimated 
by the rate of NE turnover), mitochondrial content (esti- 
mated by cytochrome c oxidase activity), and mitochondrial 
proton conductance (estimated by GDP binding). 
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FIG. 1. Food intake and body weight of Syrian hamsters housed in 
long (LD 16:8) or short (LD 8:16) photoperiod. Data represent the 
means for 30 animals in each group. Arrow, start of short photo- 
period. 


METHOD 
Animals 


Female Syrian hamsters (90-100 g at the start of the ex- 
periment) were purchased from Charles River Breeding 
Laboratories (Wilmington, MA). Animals were housed 
singly in wire-bottom hanging cages (25x18x18 cm) in a 
temperature controlled room (22+ 1°C) with a 16 hr light/8 hr 
dark cycle (LD 16:8, lights on at 0100). Tap water and Purina 
laboratory rodent chow pellets (No. 5001, 3.4 kcal/g) were 
provided ad lib. 


Procedure 


Sixty hamsters were divided into two groups (N=30 each) 
matched for mean food intake and body weight over a two- 
week baseline period. One group was switched to a short 
photoperiod (LD 8:16, lights on at 0500). Food intake (cor- 
rected for spillage) and body weight were measured to the 
nearest 0.1 g once a week for 11 weeks. 

At the end of the experiment all animals were killed by 
cervical dislocation between 0800 and 1100 (midway through 
the light phase for each group. Ten hamsters in each group 
were used for analysis of cytochrome c oxidase (a 
mitochondrial marker enzyme) activity and mitochondrial 
GDP binding in brown adipose tissue. Interscapular brown 
adipose tissue was rapidly dissected and trimmed of adhering 
white adipose tissue, connective tissue, and muscle on an 
ice-cold glass plate. Brown adipose tissue was then minced, 
weighed, and processed immediately for cytochrome 
oxidase activity and GDP binding as described by Hamilton 
et al. [5]. Tissue protein and DNA were measured by the 
methods of Lowry et al. [13] and Burton [2], respectively. 

The remaining 20 animals in each group were used for 
analysis of NE turnover rates and for determination of car- 
cass composition. Six animals in each group were injected 
intraperitoneally (2 ml/kg body weight) with alpha-methy]- 
para-tyrosine (AMPT), 125 mg/kg at 6 hr and 125 mg/kg at 3 
hr prior to death. Six additional animals in each group re- 
ceived only a single injection of AMPT, 125 mg/kg 3 hr prior 
to death. The remaining animals in each group (N=8) re- 
ceived drug vehicle (0.9% saline) 3-6 hr prior to death. In- 
terscapular brown adipose tissue, parametrial white adipose 
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FIG. 2. Carcass composition of Syrian hamsters housed in long (LD 
16:8) or short (LD 8:16) photoperiod for 11 weeks. Data represent 
the means+S.E. for 20 animals in each group. Asterisk indicates 
p<0.001 versus long photoperiod group. 


tissue, heart, and uterus were rapidly dissected. The brown 
adipose tissue pad was trimmed, weighed, and rapidly frozen 
(—70°C) for subsequent NE determination. Whole hearts 
were minced, rinsed of blood with 0.9% saline, blotted dry, 
weighed, and frozen for subsequent NE determination as 
described by McElroy et al. [14]. 

Uteri and parametrial white adipose tissue pads were 
weighed to the nearest mg. Terminal carcass composition 
was measured using a modification of the method of Leshner 
et al. [17]. Shaved, eviscerated hamsters were dried to a 
constant weight at 70°C. Carcass lipid content was estimated 
from carcass water content. Percent carcass water and per- 
cent lipid are highly correlated in hamsters (r=.99; % 
lipid=1.35 x % water + 98.05; N=268; Wade, unpublished 
data). 


Data Analysis 


Rates of NE turnover were calculated by multiplying the 
fractional turnover rate (derived from the slope of the decline 
of endogenous NE versus time) for each experimental group 
times the NE content at 0 time of organs of individual 
animals. Body weight and food intake data were subjected to 
analysis of variance followed by individual mean compari- 
sons using Duncan’s New Multiple Range Test where appro- 
priate. All other data were analyzed using t-tests. All data 
are presented as the mean+SEM. Results occurring with a 
probability of <0.05 were considered statistically significant. 


RESULTS 


Hamsters housed in short photoperiod ate significantly 
more than the long day controls over the 11 weeks of the 
experiment, F(1,753)=66.1, p<0.001 (Fig. 1). Daily food in- 
take did not start to increase until week 5 in short photo- 
period (p<0.05), and a mild hyperphagia persisted for the 
duration of the experiment (all ps<0.01). In the last week of 
the experiment daily food intake of short photoperiod- 
housed hamsters was 16% higher than that of the long day 
controls (p<0.001). 

As reported previously [1,24], female hamsters housed in 
the short photoperiod increased their rate of weight gain rel- 
ative to that of their long day counterparts, F(1,811)=32.3, 
p<0.001. Body weights did not start to increase until week 7 
in short photoperiod (p<0.05), and remained significantly 
higher for the duration of the experiment (all ps<0.005). 
After 11 weeks in short photoperiod body weights were 11% 
higher than those of long photoperiod-housed hamsters 
(p<0.001). 
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FIG. 3. Interscapular brown adipose tissue mass, protein content, 
and DNA content in Syrian hamsters housed in long (LD 16:8) or 
short (LD 8:16) photoperiod for 11 weeks. Data represent the 
means+S.E. for 30 animals in each group. Asterisk indicates 
p<0.001 versus long photoperiod group. 
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FIG. 4. Interscapular brown adipose tissue guanosine-5’- 
diphosphate (GDP) binding and cytochrome c oxidase activity in 
Syrian hamsters housed in long (LD 16:8) or short (LD 8:16) photo- 
period for 11 weeks. Data represent the means+S.E. for 10 animals 
in each group. Asterisk indicates p<0.005 versus long photoperiod 
group. 


Terminal carcass analysis indicated that the short 
photoperiod-induced weight gain was due entirely to a 49% 
increase in carcass lipid (p<0.001, Fig. 2). This difference in 
adiposity was reflected in parametrial fat pads which were 
73% heavier in short day-housed hamsters (p<0.001, data 
not shown). The correlation between parametrial fat pad 
weight and total carcass lipid was highly significant (r=.85, 
p<0.001). Uterine weights were decreased 57% in short 
photoperiod-housed animals (p<0.001, data not shown). 

Interscapular brown adipose tissue pads from short 
photoperiod-housed hamsters were 53% heavier and con- 
tained comparably more protein and DNA (all ps<0.001, 
Fig. 3). Short photoperiod produced a 118% increase in 
cytochrome c oxidase activity and a 41% increase in GDP 
binding (both ps<0.005, Fig. 4). 

Norepinephrine content in brown adipose tissue was not 
affected by short photoperiod, whether expressed per mg 
wet tissue or per pad (Fig. 5). Norepinephrine content in 
heart was also unchanged by short photoperiod when ex- 
pressed per mg wet tissue. However, when expressed per 
organ, NE content in heart was increased in short 
photoperiod-housed animals (p<0.05). The latter effect was 
due to a 10% increase in heart mass after 11 weeks in short 
photoperiod (p<0.001, data not shown). Norepinephrine 
turnover rates in brown adipose tissue and heart were unaf- 
fected by short photoperiod, whether expressed per mg wet 
weight or per organ (Table 1). 
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FIG. 5. The decrease in norepinephrine (NE) content in interscapu- 
lar brown adipose tissue and heart from Syrian hamsters housed in 
long (LD 16:8) or short (LD 8:16) photoperiod. Data 
(semilogarithmic plot of endogenous NE concentration versus time) 
represent the means+S.E. for 6-8 animals in each group at zero, 
three, and six hours after the injection of alpha-methyl-para-tyrosine 
(125 mg/kg IP). The ty. (half-time of disappearance) values were 
estimated from slopes of individual regression equations. In both 
tissues the slopes for the long and short photoperiod groups were not 
significantly different (all ps>0.05). 


TABLE 1 


EFFECTS OF SHORT PHOTOPERIOD ON NOREPINEPHRINE 
TURNOVER RATE IN HAMSTER BROWN ADIPOSE TISSUE 
AND HEART 





Per mg tissue 


k NETR k 
(%lhr) (pg/hr) (%lhr) 


Per organ 


NETR 
(ng/hr) 





BAT 
Long Day 13.8 14.4 
Short Day 12.4 11.4 


Heart 
Long Day 7.3 8.9 
Short Day 8.2 159 + 15 7.5 





The fractional turnover rate (k) and the norepinephrine turnover 
rate (NETR) in interscapular brown adipose tissue (BAT) and heart 
from Syrian hamsters housed in long (LD 16:8) or short (LD 8:16) 
photoperiod. NETR data represent the mean + S.E. for 8 animals 
per group. In both tissues the NETR values for the long and short 
photoperiod groups were not significantly different (all ps>0.05). 


DISCUSSION 


The results of this experiment confirm earlier reports that 
prolonged exposure to 8 hr light per day increases body 
weight in female Syrian hamsters [1,24]. This weight gain 
was entirely due to an increase in carcass lipid. Photoperiod 
had no effect on lean body mass. In contrast to earlier re- 
ports [1, 8, 24], the increase in body weight was associated 
with an increase in food intake. The increased food intake 
began 2 weeks prior to the increase in body weight, suggest- 
ing that the photoperiod-induced change in carcass mass 
may be in part a consequence of the change in food intake. 
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However, it should be emphasized that increased food intake 
is not a necessary prerequisite for the photoperiod-induced 
increase in body weight [1, 8, 24]. 

After 11 weeks in a short photoperiod (LD 8:16), brown 
adipose tissue mass, protein, DNA, cytochrome oxidase ac- 
tivity, and mitochondrial GDP binding were all elevated. 
These morphological and biochemical changes indicate 
growth of functional tissue and an increase in thermogenic 
activity of brown adipose tissue. This apparent increase in 
heat production in brown adipose tissue of Syrian hamsters 
is somewhat surprising, because these animals gain weight in 
short photoperiods, typically without overeating [1, 8, 24]. 
These results suggest that some other tissue(s) capable of 
altering energy expenditure (e.g., liver, muscle) must be 
conserving sufficient energy to compensate for the energy 
expended in brown adipose tissue and to account for the 
increase in energy stored as carcass lipid. 

An earlier paper [21] reported a similar trend toward in- 
creased brown adipose tissue GDP binding in hamsters ex- 
posed to a short photoperiod, but in most cases these effects 
fell short of statistical significance. This failure to find a 
robust effect of photoperiod could be due to their use of (a) 
male hamsters, (b) an extremely short photoperiod (LD 
2:22), and (c) small group sizes (Ns of 3 or 4 per group). 
Photoperiod effects on energy balance are much more 
pronounced in female Syrian hamsters (used in this experi- 
ment) than in males [1]. In addition, extremely short photo- 
periods (e.g., LD 2:22) seem to be less effective at altering 
energy balance than those that are more typically used (e.g., 
LD 8:16) and that are more likely to be encountered by wild 
hamsters [9,20] (cf. [1, 8, 24]). 

Temperature, diet, and photoperiod effects on brown 
adipose tissue thermogenesis are thought to be governed 
principally by the SNS [6, 11, 14, 19]. A consistent relation- 
ship between sympathetic stimulation of brown adipose tis- 
sue and increased tissue growth and functional activity has 
been firmly established in rats, mice, and Siberian hamsters. 
However, the present results demonstrate that 11 weeks in 
short photoperiod produces a dissociation of sympathetic 
and thermogenic activity in brown adipose tissue of Syrian 
hamsters. Despite significant growth of functional tissue and 
increased thermogenic activity in brown adipose tissue, 
sympathetic activity in this tissue (as measured by NE turn- 
over rate) was unaffected by photoperiod. These results 
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should be interpreted somewhat cautiously, however, since 
it is possible that NE turnover is altered by photoperiod 
during the dark phase. 

The photoperiod-induced dissociation of brown adipose 
tissue growth and thermogenesis from sympathetic activity 
reported here is consistent with an earlier report showing 
that fat feeding also stimulates brown adipose tissue growth 
and thermogenic activity without increasing sympathetic ac- 
tivity in this tissue [5]. Taken together, these results demon- 
strate that activation of brown adipose tissue in Syrian ham- 
sters is not solely under the control of the SNS and suggest 
that some hormones or neurohumoral agents other than NE 
could promote brown adipose tissue growth and _ ther- 
mogenesis. 

Photoperiod has widespread effects on the endocrine sys- 
tems of hamsters. For example, changes in photoperiod 
cause alterations in the circulating levels of thyroid hor- 
mones, glucocorticoids, and prolactin [4, 17, 22], and each of 
these hormones affects the activity of brown adipose tissue 
({3, 7, 10, 15, 18, 23]; Bartness and Wade, unpublished data; 
McElroy and Wade, unpublished data). Photoperiod also has 
striking effects on the secretion of gonadal steroids [4,17], 
but we have been unable to detect robust effects of these 
hormones on brown adipose tissue in hamsters (Schneider, 
McElroy and Wade, unpublished data). 

The effects of photoperiod on the endocrine system are 
mediated via the pineal gland and its hormone, melatonin [4, 
17, 22]. In fact, to the extent that comparisons have been 
made, short photoperiod-induced growth of brown adipose 
tissue is mimicked by exogenous melatonin treatments 
[1,24]. Melatonin might act directly on brown adipose tissue, 
via changes in other hormone systems, or via the sympa- 
thetic nervous system (presumably after acting in the brain). 
These alternatives are not mutually exclusive. Finally, it has 
been suggested that neuropeptides in sympathetic nerves 
could mediate some effects on brown adipose tissue [20]. 
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SLOB, A. K., T. HUIZER AND J. J. VAN DER WERFF TEN BOSCH. Ontogeny of sex differences in open-field 
ambulation in the rat. PHYSIOL BEHAV 37(2) 313-315, 1986.—The effects of age and gonads were studied in rats 
subjected to open-field tests, during which ambulation behavior was recorded. Subjects were three groups of male and 
female rats: sham-operation on day | and day 21; gonadectomy on day | and sham-operation on day 21; and sham-operation 
on day | and gonadectomy on day 21. Half of each group were tested in a circular open field (3 min/day, 3 consecutive days) 
on days 28-30; the others were tested on days 47-49. Representatives of both batches were tested again in a square open 
field on days 76-78. There was a sex difference in ambulation at 77 days, but not at earlier ages. In animals gonadectomized 
on day 1 or day 21 the sex difference in adulthood failed to occur, because castration caused the males to ambulate as much 
as sham-operated and ovariectomized females. On the basis of our results and reports in the literature it is suggested that 
testicular secretions around puberty have an organizing effect on ambulation behavior. The intact adult male rat ambulates 


less than the adult female and this difference persists after castration in adulthood. Castration well before puberty prevents 


the development of the adult sex difference. 


Sex differences 


Open-field ambulation Age Rats 





ADULT female rats ambulate more than male rats when 
tested in the open field (e.g., [1]). At what age this difference 
first becomes apparent is less clear: Stewart, Skvarenina and 
Pottier [13] reported a sex difference at the age of 30 days, 
whereas Blizard, Lippman and Chen [3] did not find a differ- 
ence until 50-60 days. Also the contribution of neonatal 
gonadal hormones to the adult open-field differences is 
somewhat unclear. Stewart and Cygan [14] found that 
ovariectomy at | or 8 days of age, but not at 23 days or later, 
reduced adult open-field activity. Day 1 and day 8 castrated 
males had slightly higher adult activity scores than intact 
males. Quadagno, Shryne, Anderson and Gorski [8] reported 
that day 1 or day 20 castrated males and intact males did not 
differ in activity when tested at 45 days of age. At 270 days, 
the day 20 castrates were less active than intact males. Gray, 
Drewett and Lalljee [5] found that day | castration increased 
adult ambulation. The present experiment was carried out to 
investigate at what age the sex dimorphism in open-field am- 
bulation first appears, and to see how the gonads contribute 
to such sex dimorphism. 


METHOD 
Subjects and Treatments 


Albino Wistar rats were born in the laboratory. Within a 
few hours after birth pups from several litters were mixed and 
assigned to one of six experimental groups. One group of 
each sex was gonadectomized on day 1 and sham-gonadec- 
tomized on day 21. A second group of each sex was sham- 
gonadectomized on day 1 and gonadectomized on day 21. A 
third group of each sex was sham-gonadectomized on both 


day 1 and day 21. Operations were carried out under 
hypothermic anesthesia on day | and under ether anesthesia 
on day 21. Sham-operations consisted of incisions and sub- 
sequent suturing of the abdominal wall in males and of both 
lumbar regions in females; on day 21 wound clips were used 
for the skin. 

Pups grew up 8-10 per litter, sexes mixed and surgery 
homologous. The animals were weaned on day 21 and 
housed 3 or 4 similarly treated and same sex to a cage. From 
weaning till the time of testing the animals were handled 5 
days a week: each animal was picked-up, stroked several 
times, and returned to the cage. Females were inspected for 
vaginal opening. 

Lights in the animal room were on from 5 a.m. till 7 p.m. 
Food and water were always available. Temperature aver- 
aged from 20 to 22°C. 

About half of each group of animals were tested in the 
round open-field on days 28, 29 and 30 (*‘day 29”"), while the 
others were tested on days 47, 48 and 49 (“‘day 48”’). 

Contrary to the expectations based on the literature we 
did not find a difference in ambulatory activity between 
sham-operated male and female rats. Since it seemed possi- 
ble that such a difference would arise at a later age we de- 
cided to examine this possibility. To this purpose, at the age 
of 64 days 12 animals of each experimental group were 
selected on the basis of body weights nearest to the average 
body weight of the experimental group, six of which had 
been tested on days 28, 29 and 30, and the other six on days 
47, 48 and 49. These animals were tested again at the age of 
76, 77 and 78 days (‘‘day 77°’), after having been handled 
again for a week. Since repeated testing in a same open-field 
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TABLE 1 


NUMBERS OF SEGMENTS CROSSED IN A ROUND OPEN-FIELD OR DISTANCE COVERED (METERS) IN 
A SQUARE OPEN-FIELD BY FEMALE AND MALE RATS GONADECTOMIZED ON EITHER DAY 1 OR 
DAY 21 AND BY SHAM-GONADECTOMIZED RATS 





Females 
Ovariectomy 


Age Day | 


Day 21 


Males 
Castration 


Day 1 Day 21 





Day 29 
Number of 18 
animals 
Number of 
segments 


Day 48 
Number of 
animals 
Number of 
segments 


Day 77 
Number of 
animals 
Distance 
covered (m) 


269 + 14 


wee 633.0 £35 


38.9 + 2 


26.8+2.6 39.4+2.3 364+ 2.8 





Averages (+SEM) of the sums of three daily tests 


apparatus has been reported to influence the performance 
[17], the re-testing was carried out in an open-field with a 
different shape, i.e., a square open-field. 


Behavioral Tests 


The round-open field was the bottom of a cylindrical box, 
which had a diameter of 82 cm and a wall 39 cm high. The 
bottom had 25 subdivisions of approximately identical size. 
A 60 W light bulb was suspended approximately 65 cm above 
the center of the floor. 

The automated open-field was a modified version of the 
apparatus first described by Tanger, Vanwersch and Wol- 
thuis [15]. The square open-field (7575 cm; wall-height 30 
cm) was made of black perspex. This open-field received dim 
indirect light reflected from the walls and ceiling of the room 
originating from two 40 W fluorescent lamps. Through a 
television camera situated 2 m above the center the X and Y 
coordinates of the position of the white rat was monitored 
and the information punched on papertape. With computer 
processing of the tape the distance covered by the rat could 
be assessed. In a validating experiment (Merkx and Bogers, 
unpublished) a correlation coefficient of 0.99 was obtained 
between the distance covered as measured in this manner and 
the number of squares crossed as simultaneously recorded 
by 2 observers. 

Tests were carried out between 10 a.m. and 2 p.m. in the 
light period of the day. In both open-fields the animals were 
tested for 3 minutes each on 3 consecutive days. The round 
open-field test was done by one experienced observer in the 
presence of 3 or 4 medical students: the number of subdivi- 
sions entered by the rat was scored. The square open-field 
test was done in the absence of observers; the experimenter 
left the room directly after he had placed the rat in the center 
of the square. Both tests were carried out with a white back- 


at the ages of about 29, 48 and 77 days. 


ground noise of 56 dB. At the end of each run in both open- 
fields the rat was removed, and the floor wiped with tissue 
paper. At the end of each test day the floor was cleaned with 
alcohol. 


Statistics 


The results of days 29 and 48 were analysed using a 
three-way analysis of variance (ANOVA); SPF pr-q design 
with variables age, sex and treatment. The weighted means 
solution was used because of unequal n’s in the cells [7]; the 
0.05 level of probability was adopted as the level of statistical 
significance. Significant interactions were tested with simple 
main effects (SME) or simple main interaction effects. With 
significant F-ratios, the differences between the means were 
tested with the honestly significant difference procedure 
(HSD) [7]. 

The results of day 77 were analysed using a two-way 
ANOVA; SPF pq-design, with variables sex and treatment. 
Significant interactions were tested with SME. With signifi- 
cant overall effects the differences between the means were 
tested with the HSD procedure. 


RESULTS 
Ambulation at Days 29 and 48 (Table 1) 


Statistical analysis of the data showed that there was no 
significant sex difference on either day 29 or day 48, 
F(1,139)=0.09, ns. There was an effect of age, 
F(1,139)=25.4, p<0.01 and an age x treatment interaction, 
F(2,139)=3.77, p<0.05. The increased ambulation with age 
was limited to the gonadectomized animals (day 1 gonadec- 
tomy, F(1,139)=8.43, p<0.01; day 21 gonadectomy, 
F(1,139)=23.52, p<0.01) and was absent in the sham oper- 
ated controls, F(1,139)=0.94, ns. It is clear that gonadec- 





OPEN-FIELD SEX DIFFERENCES IN THE RAT 


tomy had no effect on ambulation on day 29, F(2,139)=0.66, 
ns. On day 48, gonadectomized animals displayed increased 
ambulation, F(2,139)=4,52, p<0.05; from HSD-analysis it 
appeared that only gonadectomy on day 21 (and not on day 
1) caused a statistically significant rise in ambulation 
(p <0.01). 

Vaginal opening occurred between the ages of 31 and 39 
days, with a mean age of 33.95+0.36 (SEM). 


Ambulation at Day 77 (Table 1) 


Analysis of the ambulation data showed a significant sex 
x treatment interaction, F(2,65)=4.68, p<0.05. There ap- 
peared to be a significant sex difference for the sham oper- 
ated animals: females ambulated more than males, 


F(1,65)=7.71, p<0.01. Gonadectomized animals showed no 
significant sex differences. Castrated males ambulated signif- 
icantly more than sham operated males, F(2,65)=6.22, 
p<0.01. There was no significant effect of ovariectomy. 


DISCUSSION 


The well-known sex difference in ambulation, adult 
females ambulating more than adult males [1], was found for 
the sham-operated animals at the age of 77 days. When the 
animals had been gonadectomized on day | or day 21 the sex 
difference in adulthood failed to occur, castrated males am- 
bulated as much as sham-operated and ovariectomized 
females. 

There was no sex difference between the sham-operated 
animals when they were tested at the ages of 29 and 48 days. 
In the present study the sex difference arose between 48 and 
77 days of age. A comparable development has been noted 
by other workers [3, 4, 6, 10, 12, 16]. Stewart er al. [13], 
however, noted a sex difference as early as day 30 of age. 

In comparison with sham-operated controls, animals 
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ovariectomized either on day | or day 21 had similar ambu- 
lation scores when tested at ages 29 and 77, but somewhat 
increased scores at 48 days. Castration appeared to have 
caused a rise when tested on day 48 (significantly for day 21 
castrated males) and day 77, but not yet on day 29. The 
differences between animals castrated on day 1 and animals 
castrated on day 21 were not statistically significant. An in- 
crease in adult ambulation of animals castrated in infancy 
has been reported before [2, 5, 9, 14]. The work of Quadagno 
et al. [8], who got different results, is hard to interpret be- 
cause their animals, housed individually from weaning on- 
ward, were subjected to various experimental procedures 
prior to an open-field test at the advanced age of 270 days. 

The increased ambulation in response to juvenile castra- 
tion could be attributed to a lack of circulating androgens at 
the time of testing. However, when rats are castrated in 
adulthood (e.g., 70-90 days), their ambulation does not in- 
crease [2, 11, 14]. Further, the administration of testosterone 
to male rats castrated at about 75 days of age had no influ- 
ence on ambulation [11]. It would seem, therefore, that tes- 
tosterone has no activating effect related to ambulation. 
Rather, testicular secretion(s) around puberty appear to have 
an organizing effect such that in adulthood male rats ambu- 
late less than females and less than prepuberally gonadec- 
tomized males and females. Support for the idea that such 
organization occurs during, and not before, puberty, may be 
derived from results obtained by Bengelloun et al. [2] and 
Stewart and Cygan [14]. These workers reported that 
neonatal castration (days 1 and 8) increased adult ambula- 
tion, whereas castration around puberty (30-40 days) had no 
effect. 
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RODGERS, R. J. AND J. I. RANDALL. Resident's scent: A critical factor in acute analgesic reaction to defeat experi- 
ence in male mice. PHYSIOL BEHAV 37(2) 317-322, 1986.—Although it has recently been reported that defeated male 
mice evidence an acute non-opioid analgesia, little is currently known about the specific features of the defeat experience 
with which the analgesic reaction is associated. The present experiments not only confirm that defeat experience reliably 
induces acute antinociception in intruder mice, but show that a similar reaction also occurs as a consequence of exposure to 
(1) an aggressive resident which does not attack during the brief test period, (2) a well-characterized non-aggressive 
resident and (3) the ‘unoccupied’ soiled home cage of an aggressive resident. Results also indicated that, with appropriate 
exposure duration, scent alone can give rise to a quantitatively similar analgesia to that observed in defeated mice. 
Furthermore, time-course comparisons and the absence of naloxone antagonism suggest that ‘scent’ and ‘defeat’ analgesias 
are medated via a common non-opioid mechanism. Data are discussed in relation to the ecological significance of urinary 


odours in social communication in mice. 
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Social interaction 


Novelty Scent Mice 





IT is becoming increasingly apparent that, in rodents, intrin- 
sic analgesia mechanisms can be readily activated by 
ecologically-relevant stimuli. For instance, opiate 
antagonist-sensitive analgesias have been reported in male 
rats following exposure to defensive attack [17], the odour of 
stressed conspecifics [5,7] and the presence of a natural 
predator [11]. Opiate antagonist-insensitive analgesias have 
also been observed in this species consequent upon cold- 
water swim [1] and initial copulatory experience [6]. In male 
mice, the most thoroughly investigated form of 
environmentally-induced antinociception concerns the phe- 
nomenon of social conflict analgesia [13, 15, 22, 23]. Intruder 
mice, exposed to extended attack from aggressive resident 
conspecifics, evidence a profound and long-lasting analgesia 
which is blocked/reversed by low doses of opiate antagonists 
and displays full cross-tolerance with morphine [12, 13, 15, 
18]. Miczek and colleagues have further demonstrated that 
this analgesia is associated with differences in opiate binding 
in brain [12] and is blocked by naloxone injections into ar- 
cuate and periaqueductal grey sites [14]. 

In contrast to the above profile, we have recently re- 
ported an acute analgesia in male mice subjected to defeat 
experience per se, a reaction that is neither naloxone- 
sensitive nor cross-tolerant with morphine [20]. However, 
the design adopted in the latter experiments precluded any 
firm statement regarding the specific features of the defeat 
experience which may be critical to display of this acute, 
non-opioid analgesia. Logically, therefore any factor(s) 
associated with the test context (from introduction into resi- 


dent’s cage up to and including display of defeat) could be of 
importance. As such, the present experiments were designed 
to assess the potential involvement of various components of 
the overall stimulus complex. 


GENERAL METHOD 
Animals and Husbandry 


Six-eight week old male DBA/2 mice (Bantin and 
Kingman, UK) and 15-20 week old male BKW mice (Brad- 
ford University colony) were used. The former (naive in- 
truders) were housed in groups of 10/cage (45x28 x13 cm) 
for 2 weeks prior to testing and the latter (experienced resi- 
dents) in individual cages (33x 15x13 cm) for 5-10 weeks 
prior to testing. Cage substrate for both grouped- and 
individually-housed mice was sawdust, with fresh bedding 
supplied on a twice-weekly basis. All animals were main- 
tained in a temperature-controlled environment (24+ 1°C) in 
which a 12 hr reversed light/dark cycle was operative. Food 
and water were available at all times with the exception of 
the brief test periods. 


Analgesia and Behavioural Testing 


All studies were conducted under dim red light (2x60 W) 
during the mid-dark phase of the L/D cycle and four days 
after the last change of sawdust substrate. Behaviour was 
recorded on videotape for subsequent detailed analysis. 
Analgesia was assessed by traditional tail-flick assay (radiant 
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FIG. 1. Alterations in nociception in intruder mice as a function of 
differential experience during a brief encounter (30 seconds) with 
aggressive resident conspecifics. See text for full details. 


heat method) with temperature adjusted to give control 
latencies of 4-5 seconds, and a cut-off of 10 seconds was 
employed. Tail-flick latencies (TFL) were established im- 
mediately prior to behavioural testing (baseline) and, de- 
pending upon specific experimental requirements, redeter- 
mined either immediately or at several time-points after test- 
ing. In all studies, an independent group was also included to 
control for possible effects of repeated tail-flick testing per se. 


Within each study, all DBA/2 mice (experimental and con- 
trol) were individually-housed in identical perspex holding 
cages when not being tested. 


Statistical Analysis 


All data were initially subjected to analysis of variance 
(AVOVA,; 2-factor with repeated measures). Between- and 
within-groups comparisons were subsequently performed 
with reference to appropriate error variance terms from the 
ANOVA summary tables. 


EXPERIMENT 1: NOCICEPTIVE CONSEQUENCES OF 
BRIEF (30 SECONDS) EXPOSURE TO AN 
AGGRESSIVE RESIDENT 


To objectively validate pilot observations that some 
non-attacked intruders exhibit acute analgesia following 
brief interaction with residents, naive DBA/2 mice were ran- 
domly assigned to control (n=14) or experimental (n=39) 
conditions. Mice in the latter condition were individually 
placed into the home cage of an aggressive resident and re- 
moved after thirty seconds. This brief exposure period was 
established as a deliberately conservative estimate of time to 
‘defeat’ (display of upright submissive posture) from detailed 
analyses of previous interactions between DBA/2 intruders 
and BKW residents [18,20]. On the basis of subsequent vid- 
eotape analysis of individual encounters, animals were then 
allocated to three behavioural categories: (1) unbitten (n=8), 
mice which had not been attacked, (2) bitten (n=14), mice 
which had been attacked but not defeated or (3) defeated + 
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FIG. 2. Alterations in nociception in intruder mice as a function of 


defeat experience, interaction with a non-aggressive resident or ex- 
posure to a restrained aggressive resident. See text for full details. 


bites (n=17), mice which had been defeated and subjected to 
further attack. Analysis of tail-flick data was performed ac- 
cording to these identified categories. 

Results are summarized in Fig. 1 which, for clarity, repre- 
sents baseline and immediate post-test latencies only. 
ANOVA revealed a significant main effect for time, 
F(1,49)= 18.93, p<0.01, and significant category x time in- 
teraction, F(3,49)=3.26, p<0.03. Although follow-up com- 
parisons confirmed a lack of effect of repeated tail-flick test- 
ing in controls, animals in all other conditions evidenced 
significant analgesia (unbitten—p<0.001; bitten—p<0.02; 
defeat + bites—p<0.001). Although not shown in Fig. 1, 
analgesia had completely dissipated 10 minutes after 
encounters in all groups except the defeat + bites condition. 
The longer-lasting analgesia in the latter group is entirely 
consistent with our previous observations that very few at- 
tack bites beyond defeat is sufficient to induce opioid-typical 
analgesia in this strain [19]. In the present study, median 
attack bite frequencies (lower-upper quartiles) were 7(6—-8) 
and 12(9.5-14) for bitten and defeat + bites conditions, re- 
spectively (p<0.001). 


EXPERIMENT 2: INFLUENCE OF SOCIAL PRESENCE 
AND SOCIAL INTERACTION UPON NOCICEPTION 


The results of Experiment | confirmed pilot observations 
that factors other than attack can indeed elicit acute 
analgesia under present test conditions. A second experi- 
ment was therefore designed to further explore the nature of 
these factors. Naive male DBA/2 mice were randomly as- 
signed to four conditions (ns=7) in which they were exposed 
to: (1) repeated tail-flick testing (control), (2) interaction with 
an aggressive resident terminated upon display of first un- 
ambiguous upright submissive posture (defeat), (3) interac- 
tion with an individually-housed male which, on several 
previous occasions, had consistently failed to attack intrud- 
ers (non-aggressive resident) or (4) the soiled home cage of 
an aggressive resident but with the latter restrained behind a 
wire-mesh barrier (aggressive resident/barrier). Groups 
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FIG. 3. Alterations in nociception in intruder mice as a function of 
defeat experience, exposure to the soiled home cage of an aggressive 
conspecific or exposure to an unsoiled cage. See text for details. 


were run in an order counterbalanced for time but always 
beginning with a ‘defeat’ encounter. This prodecure was 
adopted to ensure that duration of exposure was identical 
across test conditions; this, in turn, was based upon the time 
taken (overall median=50 seconds) by mice in the defeat 
group to clearly exhibit an upright submissive posture. 

Results are summarized in Fig. 2. ANOVA revealed a 
significant main effect for time, F(3,72)=18.61, p<0.01, and 
a significant condition x time interaction, F(9,72)=4.70, 
p<0.01. Repeated tail-flick testing per se had no effect upon 
nociceptive latencies. However, distinct acute analgesia 
(<10 min) was evident in both the defeat (p<0.01) and non- 
aggressive resident (»<0.01) conditions. Although the anal- 
gesic reaction of mice in the defeat condition appears greater 
than that in the non-aggressive resident condition (Fig. 2), 
this difference did not reach statistical significance. Since no 
analgesia was apparent in the aggressive resident/barrier 
condition, these data suggested that novel social interaction 
may be a key factor in generating acute analgesia. 


EXPERIMENT 3: INFLUENCE OF ENVIRONMENTAL 
NOVELTY AND RESIDENT’S SCENT UPON 
NOCICEPTION 


Although the results of Experiment 2 suggested that novel 
social interaction per se may be an important elicitor of acute 
analgesia, two further possibilities (environmental novelty 
and olfactory cues) existed. To test these potential influ- 
ences, naive DBA/2 mice were randomly allocated to four 
experimental conditions (ns=8) in which they were exposed 
to: (1) repeated tail-flick testing (control), (2) defeat, as de- 
fined above, (3) an unfamiliar individual cage with clean 
sawdust substrate (unsoiled) and (4) the soiled (5-day) home 
cage of an aggressive resident from which the latter had been 
removed immediately prior to test (soiled). As in Experiment 
2, exposure duration for all experimental groups was based 
upon the time taken (overall median=39 seconds) by mice in 
the defeat group to display an unambiguous upright submis- 
sive posture. 


TABLE | 


INFLUENCE ON TAIL-FLICK LATENCIES (TFL; MEAN + SEM) OF 
DEFEAT EXPERIENCE AND VARIABLE DURATION EXPOSURE TO 
THE SOILED HOME CAGE OF AN AGGRESSIVE 
MALE CONSPECIFIC 





Baseline 
TFL (sec) 


Post-Exposure 


Condition TFL (sec) 





Control 4.49 
Defeat Experience 4.39 
20 Seconds 4.58 
40 Seconds 4.67 
60 Seconds 4.00 
120 Seconds 4.73 
300 Seconds 4.56 


0.46 4.61 
0.47 7.33 
0.28 4.87 
0.50 5.03 
0.35 6.45 
0.32 6.14 
0.30 5.30 


0.45 
0.78* 
0.16 
0.47 
0.59* 
0.69* 
0.38 


i+ + + + + + It 
+t + 4+ H HH 





See text for full details. 
*p<0.001, versus baseline. 


Data are summarized in Fig. 3. ANOVA revealed a signif- 
icant main effect for time, F(3,84)=4.13, p<0.01, and a sig- 
nificant interaction term, F(9,84)=2.72, p<0.05. Although 
no alteration in nociception was observed in the control 
group as a function of repeated tail-flick testing, significant 
acute (<10 min) analgesia was observed in both the defeat 
(p<0.01) and soiled (p<0.01) conditions. Importantly, no 
such reaction was evident in mice simply exposed to en- 
vironmental novelty (i.e., an unsoiled cage of identical size 
and construction). These data together suggest that the 
common factor underlying acute analgesia is the scent of an 
individually-housed male conspecific. Nevertheless, com- 
parison of the immediate post-exposure analgesia in defeat 
and soiled conditions revealed a significantly greater re- 
sponse in the former, 1(28)=2.55, p<0.05. Thus, the question 
arises as to whether scent alone can fully explain the acute 
antinociceptive reaction in mice subjected to defeat experi- 
ence. 


EXPERIMENT 4: EFFECT ON NOCICEPTION OF 
VARIABLE DURATION EXPOSURE TO THE SOILED 
HOME CAGE OF AN INDIVIDUALLY-HOUSED 
AGGRESSIVE MALE CONSPECIFIC 


Despite the finding that exposure to resident's scent alone 
can induce analgesia in intruder mice, this reaction was sig- 
nificantly weaker than that observed in intruders subjected 
to defeat experience (Experiment 3). However, if the scent 
of an individually-housed male mouse represents a biologi- 
cally-meaningful threat to intruders (see the General Dis- 
cussion Section), exposure to attack culminating in defeat 
may exaccerbate the threat leading to an earlier maximal 
analgesic reaction. If this is the case, then it would be pre- 
dicted that analgesia equivalent to that seen in defeated 
animals ought to be detectable with appropriate exposure to 
scent only conditions. 

Naive male DBA/2 intruders were randomly assigned to 
one of seven conditions (ns=8) in which they were exposed 
to repeated tail-flick testing (control), defeat (as above), or to 
the soiled home cage of an aggressive resident for periods of 
20, 40, 60, 120 or 300 seconds. Results are summarized in 
Table 1. 

ANOVA revealed a significant main effect for time, 
F(1,49)=40.61, p<0.01, and a significant interaction term, 





TABLZ= 2 
EFFECT OF NALOXONE HYDROCHLORIDE (0-10 mg/kg, IP) ON 
ANALGESIC EFFECT OF 60-SECOND EXPOSURE OF INTRUDER 
MICE TO THE SOILED HOME CAGE OF AGGRESSIVE 
MALE CONSPECIFICS 





Post-Exposure 
TFL (sec) 


Baseline 


Condition TFL (sec) 





6.02 + 0.32* 
5.58 + 0.617 
5.48 + 0.43* 


Saline 
Naloxone | mg/kg 
Naloxone 10 mg/kg 


5.08 + 0.27 
4.30 + 0.35 
4.52 + 0.37 





See text for full details. Results are expressed as tail-flick laten- 
cies (TFL; mean + SEM). 
*n<0.01, tp<0.001 versus baseline. 


F(6,49)=4.76, p<0.01. Follow-up comparisons indicated 
strong analgesic reactions in defeat, and in 60-second and 
120-second scent conditions (p<0.001, in each case). How- 
ever, the degree of analgesia (change from baseline) ob- 
served in these groups was not statistically different, as re- 
vealed by independent groups comparisons. Thus, it does 
appear that scent alone can result in a quantitatively similar 
analgesia to that observed as a consequence of defeat expe- 
rience. However, since videotape analysis indicated that 
median time to defeat in this study was only 30 seconds, it 
seems that the additional experience of brief exposure to 
attack results in an earlier expression of peak analgesia. In- 
terestingly, present data also demonstrate that ‘scent’ 
analgesia fully dissipates with more prolonged exposure (300 
seconds) to the resident’s soiled cage, indicating that the 
acute nature of the reaction (Fig. 3) is not simply a function 
of removal from the test environment. 


EXPERIMENT 5: EFFECT OF NALOXONE ON 
ANALGESIA INDUCED BY 60 SECOND EXPOSURE 
TO THE SOILED CAGE OF AN INDIVIDUALLY- 
HOUSED AGGRESSIVE MALE CONSPECIFIC 


The results of Experiment 4 clearly indicate that with 
appropriate exposure, scent alone can precipitate an acute 
analgesic reaction quantitatively equivalent to that observed 
in mice subjected to actual defeat experience. However, as 
the literature suggests that often very subtle variations in 
experimental parameters can yield either opioid or non- 
opioid analgesias (for review: [21]), it remained possible that 
‘scent’ and ‘defeat’ analgesias are qualitatively different 
phenomena. Since the antinociceptive reaction to defeat 
experience has been shown not to involve opioid substrates 
[20], the final experiment assessed the sensitivity of ‘scent’ 
analgesia to opiate receptor blockade. Naive male DBA/2 
mice were randomly allocated to three conditions (n’s=14): 
saline, 1.0 or 10.0 mg/kg naloxone hydrochloride. Baseline 
tail-flick latencies were established immediately prior to in- 
jection (IP) and, 10 minutes later, animals were individually 
introduced into the soiled home cage of an individually- 
housed male conspecific. Sixty seconds later, they were re- 
moved and tail-flick latencies redetermined. Results are 
summarized in Table 2. 

ANOVA failed to reveal a significant drug effect, 
F(2,39)=1.04, NS, or a significant drug x time interaction, 
F(2,39)=1.56, NS. However, since the time factor was 
highly significant, F(1,39)=14.97, p<0.01, a _ group- 
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independent analgesia following exposure to the soiled cage 
was indicated. Although mild by comparison to earlier 
studies, the acute antinociceptive reaction to resident’s scent 
is apparently independent of naloxone-sensitive mech- 
anisms. 


GENERAL DISCUSSION 


Diverse environmental factors are known to activate in- 
trinsic analgesia mechanisms in rodents, only some of which 
involve opioid substrates (for review: [21]). The potential 
ecological significance of such findings has been recently 
indicated by studies in which animals have been exposed to 
biologically-meaningful stimulus situations [5, 7, 11, 17]. 
Social conflict in mice represents one such situation [13, 15, 
18, 22, 23]. In fact, detailed analysis of the analgetic response 
to social conflict has revealed that, depending upon test cri- 
terion adopted, two distinct forms of antinociception can 
occur. Thus, intruder mice subjected to extended attack 
from aggressive residents exhibit an enduring opioid 
analgesia [13, 15, 18, 22, 23] whilst exposure to defeat expe- 
rience per se elicits an acute non-opioid analgesia [19,20]. As 
loss of control has been forwarded as the essential factor in 
the opioid analgesic response [15—18], the question arises as 
to the critical determinant(s) of acute analgesia associated 
with the experience of defeat. The present studies strongly 
suggest that the most salient stimulus factor in this regard is 
probably an olfactory cue associated with individually- 
housed male mice. 

The results of Experiment 1 confirmed pilot observations 
in demonstrating that acute analgesia can be observed in 
intruder mice which are not exposed to physical attack during 
brief encounters with resident conspecifics. Thus pain per se 
cannot be involved in the generation of analgesia under pres- 
ent test conditions. The involvement of other potential con- 
tributory factors was therefore explored. The finding that 
brief interaction with a non-aggressive resident elicited 
analgesia, whilst identical duration exposure to a restrained 
aggressive resident did not, suggested the potential impor- 
tance of novel social interaction (Experiment 2). However, 
since we have previously failed to observe analgesia as a 
function of interaction with unfamiliar group-housed con- 
specifics (Rodgers and Morgan, unpublished), the significant 
aspect of novel social interaction seemed to relate to a spe- 
cific feature(s) of individually-housed male mice. 

It has been cogently argued that dominant and 
individually-housed mice are physiologically and _ be- 
haviourally very similar [2], a finding attributed to the highly 
territorial nature of male Mus musculus. Furthermore, evi- 
dence has accumulated indicating that, as nocturnal mam- 
mals, mice rely heavily upon odours for much of their social 
communication [3]. In this context, urination is commonly 
used by mice as a method of imparting olfactory cues to 
conspecifics [4]. More specifically, in a series of studies, 
Jones and Nowell [8-10] have provided convincing evidence 
that the urine of dominant/individually-housed male mice 
contains an androgen-dependent aversive ‘‘pheromone”’ 
which discourages male conspecifics from prolonged inves- 
tigation of the area marked with such urine. Furthermore, 
these authors have postulated a territorial function for this 
urinary aversive pheromone [8]. To determine whether the 
scent of an individually-housed resident would alone precipi- 
tate an acute analgesic reaction, intruders were exposed to 
the 5-day soiled home-cages of residents (Experiment 3). 
This experience, but not exposure to a novel clean individual 
mouse cage, did indeed result in significant acute analgesia. 
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In view of the fact that analgesia occurs in the physical ab- 
sence of the resident, yet in response to it’s olfactory pres- 
ence, the novel social interaction interpretation (suggested 
by Experiment 2) becomes untenable. Rather, our findings 
imply that acute analgesia may be part of a species-specific 
preparatory defense reaction to detection of a territory- 
marking pheromone. Nevertheless, it would appear that this 
reaction can be blocked/over-ridden by other relevant stim- 
uli in the test situation. Thus, intruders briefly exposed to a 
‘restrained’ aggressive resident do not show an analgesic 
reaction despite the presence of relevant olfactory stimuli 
(Experiment 2; resident/barrier condition). In subsequent 
studies, we have not only confirmed this finding but have 
also noted typical analgesia in intruders exposed to the soiled 
home cage of a resident with barrier, but not resident, in situ. 
Furthermore, although experimental details were not re- 
ported, Miczek et al. [13] have found intruders exposed to 
restrained residents to be significantly less analgesic than 
those subjected to prolonged attack (100 bites). On the basis 
of present findings, it would seem parsimonious to suggest 
that restraint markedly modifies the stimulus characteristics 
of the test situation, possibly through a masking of the criti- 
cal odour by other odours released as a consequence of resi- 
dent restraint. 

Despite the above findings, possible quantitative non- 
equivalence of ‘defeat’ and ‘scent’ analgesias was suggested 
by a significant difference in degree of antinociception dis- 
played by intruders under these two conditions in Experi- 
ment 3. Therefore, the possibility that the additional experi- 
ence of attack culminating in defeat resulted in an earlier 
expression of peak analgesia was examined in Experiment 4. 
Findings indicated that exposure to a resident’s soiled cage 
for 60 to 120 seconds, but not shorter or longer durations, 
resulted in an analgesic reaction statistically indistinguish- 
able from that observed in ‘defeated’ mice. Thus, with ap- 
propriate exposure duration, residents’ scent can indeed 
elicit a quantitatively equivalent analgesic response in in- 
truder mice. Finally, Experiment 5 addressed the issue of 
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qualitative similarity between these two forms of analgesia. 
Certainly, the durations of the two reactions (i.e., <10 min) 
suggested commonality in underlying mediational mech- 
anisms. However, in view of the non-opioid nature of ‘de- 
feat’ analgesia [20], it was predicted that ‘scent’ analgesia 
should be insensitive to opiate receptor blockade. Findings 
indicated that, despite a relatively mild analgesic reaction in 
saline controls, naloxone (1-10 mg/kg) did not block the 
antinociceptive consequences of 60-second exposure to the 
soiled home cage of an aggressive resident. Although this 
result is consistent with the lack of effect of naloxone against 
‘defeat’ analgesia [20], it should be interpreted somewhat 
cautiously in view of the relatively weak (though significant) 
analgesic response in control animals. 

In summary, present data support the assertion that the 
scent of an individually-housed male conspecific of another 
strain is an important contributory factor in eliciting acute 
non-opioid analgesia in intruder mice subjected to defeat 
experience. We believe that this reaction can most par- 
simoniously be viewed as a highly adaptive preparatory de- 
fense response of a macrosmatic species to detection of the 
scent-marking of a territorial conspecific. In this context, 
acute non-opioid analgesia may be a very much more “‘nor- 
mal’’ aspect of the organismic defense repertoire than the 
long-lasting opioid analgesia observed in response to ex- 
tended attack [21]. Further studies are presently underway in 
this laboratory to identify the underlying neurohumoral sub- 
strates. 
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STEVENS, J. C. AND W. S. CAIN. Aging and the perception of nasal irritation. PHYSIOL BEHAV 37(2) 323-328. 
1986.—Three types of measurement were employed to assess the effects of aging on nasal irritation (common chemical 
sense). These were (1) measurement of detection threshold of CO, mixed with air, (2) measurement of the threshold 
concentration of CO, that causes a transient reflex apnea, and (3) measurement of the suprathreshold perceived strength of 
five levels of CO, by the method of magnitude matching. Ancillary measurements included nasal airflow resistance and 
magnitude matching of an odorant (I-butanol). Twenty elderly (67 to 93) and twenty young persons (19 to 31) served as 
subjects. The young and elderly gave no evidence of average difference in detection threshold. In contrast, the elderly 
group showed a strong elevation of the threshold of apnea and a marked weakening of perceived CO, suprathreshold 
strength. CO, and butanol approximated power functions of concentration level [21], functions for the elderly being 
depressed relative to those for the young. Although the elderly had on the average slightly higher nasal resistance than the 


young, the differences played at most a minor role in the perception of nasal stimuli. 


Aging Common chemical sense 
Nasal resistance Nasal irritation 


Olfaction 
Pungency 


Trigeminal sense 


Magnitude matching Reflex apnea 





THIS study concerns irritation in the nasal cavity. The nasal 
receptors for irritation are innervated by the trigeminal 
nerve, and they are often stimulated by chemicals that con- 
currently stimulate olfactory receptors. Chemical stimula- 
tion of trigeminal receptors can also trigger a number of re- 
flexes such as tearing, sneezing, coughing, secretion of 
mucus, and transient apnea. The question of chief interest 
here is: how does aging affect this trigeminal sense? An ear- 
lier study [19] reported that old age tends to blunt the per- 
ceived strength of both olfactory and trigeminal stimuli, but 
much more remained to be studied. 

Inhaled CO, was selected as the stimulus. CO, has little 
odor but very effectively arouses irritation in the nose. The 
present study addressed three main questions. (1) Does aging 
elevate the detection threshold of CO,, as it typically does 
thresholds in the olfactory and gustatory modalities? (For 
reviews of threshold studies of the chemical senses, see [9, 
11, 14, 23]). (2) Does aging elevate the CO, threshold for 
reflex apnea? This is a non-systemic interruption of inhala- 
tion of the kind commonly experienced with smelling salts. 
Two studies [6,8] found that smokers have a higher reflex 
apnea threshold than non-smokers. (3) Does aging blunt the 
suprathreshold perceived strength of CO,? An earlier study 
[19] gave evidence that it does. However, that study left 
some question about the nature of the relation of perceived 
strength to stimulus strength, owing to inability at the time to 
vary concentration over a wide enough range independently 
of flow-rate. A fresh measurement with better stimulus con- 
trol seemed called for. 

There were two secondary goals. One was to assess the 
possible influence of nasal air-flow resistance on sensitivity 
to CO,. A second was to gauge the perceived strength of an 


olfactory stimulus, l-butanol, as a control. Several studies 
have shown that aging tends to depress olfactory magnitude 
[15-17, 19]. 


METHOD 
Subjects 


Subjects were non-smokers and able to breathe freely 
through the nose. Twenty elderly, non-institutionalized per- 
sons (67-93 years, mean=75.5) and twenty young persons 
(19 to 31 years, mean=24.1) served in three test sessions 
held on three different days. In the first session nasal air-flow 
resistance was measured first, then the CO, detection 
threshold, then the apnea threshold, and, finally, nasal re- 
sistance again. The second session was a repetition of the 
first. In the third session, the subject made magnitude esti- 
mates of various levels of CO, and butanol (both sniffed) and 
NaCl solutions (sipped). Each session lasted about an hour. 


CO, Delivery System 


One channel of a standard air-dilution olfactometer 
served to blend high-purity CO, with compressed breathing 
air. Another channel served as a conduit for just compressed 
air. Depending on the task at hand, the two channels might 
also pass through impingers that contained the odorant lauryl] 
alcohol. This endowed each stream with a mild ‘‘clean 
clothes’’ smell and largely masked the mild odor that accom- 
panies the pungency of CO,. The odorant was present during 
forced-choice testing for the pungency detection threshold 
and during testing of the threshold for reflex apnea and ab- 
sent for scaling of pungency by magnitude matching. The 
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FIG. 1. An example of a breathing pattern obtained with a ther- 
mocouple in the nostril. Upward excursions reflect inhalations, 
downward excursions exhalation. The third inhalation shows a brief 
disturbance of inhalation when the subject inhaled a CO,-air dilution 
at the threshold of apnea. 


clean clothes smell might possibly have muted the pungency 
of the CO, slightly [4]. The presence of lauryl alcohol at the 
same concentration whenever used, however, should have 
precluded any distortion in the comparisons of interest. 

For the threshold tasks, the output from the channels then 
fed into two 500 ml vinyl bags attached to the ends of l-m 
lengths of teflon tubing (6 mm o.d.). An adjustable polyeth- 
ylene valve at the other end of the bag served as a nose 
piece. It fit snugly into the rim of the nostril. The subject put 
it in place and removed it upon instruction. The flow-rate 
into and out of each bag was 4 L/min. The aperture of the 
valve was adjusted, however, to store enough gas to enable 
the subject to inhale briskly without running short. For the 
scaling task, the bags were not used. The stimulus flowed 
directly from the teflon tubing to the nose. 


Nasal Air-Flow Resistance 


Resistance was measured by anterior rhinomanometry on 
the two nostrils separately, using a NR1I Mercury nasal re- 
sistance meter. 


Detection Threshold 


On each trial the subject sampled the two bags, one con- 
taining air, the other CO, diluted with air. The task was to 
decide which caused a sensation of pungency. Testing began 
at a low level of CO, (from 2 to 10%). Whenever the subject 
was wrong, the concentration level on the next trial was 
raised by four percentage points (2%, 6%, 10%, etc.). 
Whenever the subject was right, the same concentration level 
was given again until the subject was either wrong or made 
five correct choices in a row. The level at which the subject 
was right on five consecutive trials defined the threshold. 
This procedure, which combines features of forced-choice 
and ascending limits, permits the testing of large numbers of 
subjects in reasonable time and also helps minimize prob- 
lems of adaptation [5]. 

In a given session the CO, threshold was measured first 
for one nostril, then for the other. The second measurement 
typically gave a higher threshold, perhaps because of adap- 
tation. Although the effect was small (on the average 2.65 
percentage points) it was statistically significant by 1-test 
(p<0.007). To prevent visual clues, the subject was 
blindfolded for this part of the testing. 


Reflex Apnea 


For these measurements the subject held the nosepiece to 
one nostril. In the nostril contralateral to the one to be stimu- 
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lated, a 2-cm segment of soft plastic hose was inserted and 
held in place by friction; the hose contained a thermocouple 
whose output fed into one channel of a Grass Polygraph 
(Model 7). The subject’s pattern of inhalation and exhalation 
was thereby traced continuously by way of thermal changes 
at the thermocouple (Fig. 1). (For complete details, see [6].) 
The measurement requires some practice on the part of the 
subject. To achieve a regular pattern of breathing, the sub- 
ject inhaled once every two beats of a metronome set to 44 
beats/sec (one inhalation every 2.7 sec). About three inhala- 
tions were first recorded to establish a baseline. Then, at a 
signal, the subject placed the nozzle at the appropriate nos- 
tril, made one inhalation, removed the nozzle, and continued 
to inhale a couple more times to re-establish baseline. Meas- 
urement began at a level of CO, well below the apnea 
threshold. This level was increased by steps of six percent- 
age points until the apnea reflex first occurred. This level 
was given a second time in order to confirm the reflex. 
Apnea almost always occurred again at this level, but when it 
did not, the next higher level was then given. 


Suprathreshold Strength 


The method used here, called magnitude matching, has 
consistently revealed age-related deficits in olfaction, and in 
one study nasal pungency as well [16, 17, 19] but little or no 
deficit in taste magnitude [3], with the exception of bitter. 
The method calls on the subject to make magnitude estima- 
tions of various levels of stimulus sets appropriate to two or 
more sense modalites. In the present experiment the 
stimulus sets were five levels of CO, between 25 and 44%, 
five levels of an odorant (I-butanol) between 4.2 and 528 
ppm, and five levels of NaCl solution between 0.08 and 0.4 
M. CO, was the substance of main interest. NaCl solutions 
were included as a control because of the finding that the 
perceived suprathreshold strength of saltiness remains rela- 
tively intact in old age [3]. Described below under the Re- 
sults section is a procedure by which the estimations of salti- 
ness can be used to normalize the estimations of the other 
stimuli. The solutions were made up with reagent-grade 
NaCl and deionized HOH, and they were sampled by the 
sip-spit-rinse procedure. 

Butanol was included because in the past we have found 
that relative to saltiness, odor magnitude is weakened by 
age. Liquid solutions were placed in squeeze-type ‘‘sham- 
poo’”’ bottles (Monsanto) as described by Amoore [1]. These 
bottles and their flip-up spouts are made of high density, 
opaque plastic. Squeezing a bottle ejects an odorized stream 
of air. The subject held the bottle just below the nostrils, and 
squeezed it while simultaneously sniffing. The concentration 
of the odorized air was measured with a gas chromatograph 
(Hewlitt Packard 5840A). 

The sequence of sampling always went as follows: NaCl 
(followed by rinsing the mouth with HOH), CO, and butanol. 
The concentration levels were presented in a different ran- 
dom order to each subject. After all concentration levels had 
been estimated they were all presented again in another ran- 
dom order. Six blank stimuli (air only for CO, and butanol, 
HOH only for NaCl) were distributed evenly throughout the 
session. Elderly subjects, much more than young, incline to 
give large false positives [15,16]. (The false positives are 
taken into account in the analysis of the data.) Each subject 
made a total of 36 estimates: six levels (including the blanks) 
X two presentations of each stimulus x three stimulus sets. 

A test session began with informal magnitude estimation 
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TABLE | 


AVERAGE FALSE POSITIVE RESPONSES TO STIMULUS BLANKS, 
EXPRESSED AS A PERCENTAGE OF THE MEAN 
MAGNITUDE ESTIMATE 





NaCl Butanol co, 





Young 5.26 22.9 20.8 
Elderly 8.79 39.7 47.5 





of the span between the experimenter’s forefingers, from 
zero separation to maximum arm stretch. This acquainted 
the subjects with the method and demonstrated to them that 
large, small, and decimal numbers were permissible. Then 
the subject was instructed how to sample the stimuli and how 
to estimate them on a common scale of sensory strength. The 
stronger the sensation, the larger should be the estimate; 
zero would mean no relevant sensation. For practice (not 
counted) the subject first sampled and estimated the middle 
concentration from each stimulus set, together with blanks, 
identified as such with instruction to expect blanks through- 
out the test. Despite this precaution many false positives 
were elicited. 


RESULTS AND DISCUSSION 
Nasal Resistance 


Overall resistance for the two nostrils was computed by 
harmonic averaging according to the formula: 


R, R, 


pai Le A Equation | 
R, + R, 


R, = 


where R, is the average resistance in the left nostril, R, the 
average resistance in the right nostril, and R,. is the overall 
combined nasal resistance. The average R. for the elderly 
subjects slightly exceeded that for the young, but the differ- 
ence only approached significance by f-test (0.05<p<0.10). 


CO, Detection Thresholds 


The four determinations of threshold (two nostrils x two 
sessions) were averaged for each subject. The variability 
across subjects was large; threshold ranged from 9.0 to 
29.5% CO, for the young and 3.0 to 36.5 for the old. The 
within-subject variability was smaller, but nevertheless sub- 
stantial. Figure 2, column 1 displays the thresholds of all 40 
subjects. The arrows in Fig. 2 show the median thresholds; 
the median is higher for the elderly than for the young, but 
the difference is not statistically significant. The failure to 
obtain a significant young-old difference came contrary to 
expectations. For this reason and because the very low 
thresholds for two elderly subjects raised concern that spuri- 
ous factors might have come into play, we repeated the 
measurement of threshold in 20 elderly and 20 young sub- 
jects, about half of whom had served in the first experiment. 
The result was the same: no significant difference. 


Reflex Apnea 


The measurement of apnea threshold and detection 





- 100 
© Young 


0 Elderly 
> Medians 
% 80 


on 


° 


oO 
+ 


3 


' 
8% & o 
om @ ooffg Bo gw 
¢ 
ON 


T 
‘ 
PS 
> 
rs) 
"i 


SD 


° 
A 


° 


& oa 


oO ¥ | 
o agp 
oUl— an 0 


CO2/NaCi Butanol/NoCi 
Index Index 


' 


0 0 SRP 


oof pmope Qa 
nm 
Oo 
T qT 
0 0&8 
oO 


oO 




















0 
% COs 
Reflex 
Threshold 


% COs 
Detection 
Threshold 


FIG. 2. Column 1 shows the CO, detection threshold for each sub- 
ject; Column 2 shows the CO, induced threshold of reflex apnea; 
Columns 3 and 4 give individual indices of suprathreshold magnitude 
for CO, and |-butanol. 


threshold told quite different stories. The average apnea 
threshold (two sessions X two nostrils) is displayed in the 
second column of Fig. 2. The average threshold for the el- 
derly was 1.65 times that for the young (by 1[-test, 
p<0.00001). One elderly subject failed to respond even to 
100% CO,. In contrast, his detection threshold was 20.5%, 
about average for the elderly male subjects. 


Magnitude Matching 


False positive responses to blank stimuli occurred 
frequently—on an average of about 50% for both young and 
elderly. False positive responding is no newcomer to 
psychophysics. Table | lists the average sizes of the false 
positives, expressed as percentages of the mean responses 
for elderly and young. These are high for all modalities, 
though more markedly for butanol and CO,. 

We have found that false positive responding seems to be 
especially prominent in studies of the chemical senses [3, 16, 
17]. In one of these [3] Bartoshuk ef a/. compared taste 
magnitudes and loudness. It is clear that there were few if 
any false positives to loudness—i.e., elderly subjects freely 
called weak stimuli ‘‘zero,’’ but gave many positive. re- 
sponses to plain water. The investigators speculated that this 
may result from a possible mild dysgeusia in the elderly, but 
taken together the various studies suggest a more general 
phenomenon. False positive responding in the chemical 
senses, both threshold and suprathreshold experiments, calls 
out for systematic investigation. Unfortunately, at present 
there is no ideal way to handle the problem in the way that 
signal detection methods do when it comes to thresholds. 

What can be inferred from Table 1? Apparently the 
propensity to give false positives is not simply and exclu- 
sively an old-age phenomenon. One interpretation, based in 
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FIG. 3. Normalized and rectified magnitude estimates of the salti- 
ness of NaCl solutions as a function of molarity. The magnitude 
estimates were rectified to take into account false positive responses 
to blank stimuli and normalized by a procedure detailed in the text. 


part on casual observation of several scores of elderly sub- 
jects is that sensory weakness, being so common in old age, 
can cause the elderly to be puzzled and perhaps embarrassed 
at having to call so may stimuli ‘‘zero.’’ On this view the 
more marginally detectable the stimuli are, the more likely 
are the subjects to emit false positives. Thus, to ignore the 
false positives is to distort the functions. Such distortion is 
minor at high concentrations, but can be serious at low con- 
centrations. 

In the present study we analyzed the results in two ways: 
(a) ignoring the false positives as if they have no bearing, and 
(b) by subtraction of the false positives from the other rele- 
vant magnitude estimates; that is, the subtraction of the 
mean (of two) estimates of plain air from the CO, estimates, 
the same for butanol, and the subtraction of the mean (of 
two) estimates of plain water from the estimates of saltiness. 
Either way the general conclusions are about the same. But 
as might be inferred from Table 1, the differences between 
young and old are a little larger after rectification of the 
butanol and CO, estimates. The results described below are 
based on rectified data, with comment at certain points as to 
the effects of ignoring false positives. 

After the estimates were rectified they were normalized 
as follows. For each subject every estimate was divided by 
the subject’s mean estimate of the NaCl solutions and 
multiplied by 10 (the latter step is arbitrary). The reasons for 
this normalization are two. (1) There is good reason to think 
that salt strength remains intact in old age [3]; even if a 
degree of loss takes place it is almost certainly smaller than 
olfactory losses [15-17]. (2) People differ greatly in the abso- 
lute sizes of numbers they assign to stimuli. However, it has 
been shown several times [16-19] that in the magnitude 
matching procedure a subject who uses large (or small) num- 
bers for one sense modality will tend strongly to use large (or 
smail) numbers for other sense modalities. Hence normaliz- 
ing to salt reduces that component of variability due to indi- 
vidual propensity to use large or small numbers. Besides, the 
normalization could serve to circumvent the possibility that 
age itself might contribute to use of large or small numbers, 
independently from any real sensory loss that is under con- 
sideration. Taking the absolute sizes of the estimates at face 
value could lead to very unwise interpretation. As chance 
would have it, the normalized and unnormalized data dif- 
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FIG. 4. Magnitude estimation of the perceived strength of CO, as a 
function of concentration level. The magnitude estimates were 
rectified to take into account false positive responses to blank stim- 
uli and normalized by a procedure detailed in the text. 
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FIG. 5. Magnitude estimation of perceived strength of I-butanol as a 
function of concentration level. The estimates were first rectified 
and normalized as detailed in the text. 


fered only slightly in the present study, but the earlier studies 
cited have often yielded large differences. 


Individual Results 


To assess individual sensory strength, the subject’s mean 
estimate across stimuli of a given kind was divided by the 
same subject’s mean taste estimates. For example, the mean 
odor estimate, O, divided by the mean taste estimate, 7, 
provides for each subject an index of relative olfactory sen- 
sitivity or what may be called the O/T index. Similarly we 
obtain the mean CO, divided by the mean taste estimate, 
CO,/T. For each subject these two indices are shown in the 
last two columns in Fig. 2. The young’s mean O/T was signif- 
icantly higher by f-test (p><0.006) and also the young’s mean 
CO,/T higher (p<0.03). The unrectified data confirm these 
differences, not surprisingly at lower levels of confidence 
(p <0.03 for butanol and p<0.04 for CO,). 

It should be noted that if there were a degree of age- 
related taste loss that managed to elude Bartosuk ef al.’s 
scrutiny [3], the net effect would be that the indices in Fig. 2 
under-represent the degree of nasal sensory loss in old age. 
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Although the indices were calculated using normalized 
data their numerical values are exactly the same as if they 
had been computed from the unnormalized data. This is be- 
cause numerator and denominator of an index are both mul- 
tipled by the same factor. Normalization does matter, how- 
ever, in the comparison below of psychophysical functions 
for both age groups. 

An earlier study of CO, and the odorant iso-amy] butyrate 
gave individual indices that were uncorrelated with each 
other [19]. In other words, a person could have normal re- 
sponse to the odorant but abnormal response to the irritant, 
and vice versa, signifying that deterioration of olfaction and 
common chemical sense do not necessarily go hand in hand 
in old age. The present results only partially support that 
generalization. Spearman rank-order correlations, p relating 
the O/T index and the CO,/T index were 0.40 (p<0.05) for the 
young and 0.50 for the elderly (p> <0.03). These data suggest 
that there may be a weak but significant link between the two 
senses. One must exercise great caution, however, in inter- 
preting low correlations on small sample statistics. This is 
especially true in the present case, because the denominators 
of the O/T indices and the CO,/T indices are the same for 
each subject. Random variation of the denominator, 7, could 
thereby introduce a spurious correlation of the two indices. 

Finally, despite the absence of significant differences be- 
tween the CO, thresholds for the young and elderly, there 
was significant negative correlation between the CO, 
threshold and the CO,/T index (9=—0.50, p<0.03), but not 
for the young (p=0.065, n.s.). For the elderly the CO, 
threshold also correlated with the butanol index (p= —0.43, 
p<0.04). 


Group Functions 


The mean normalized magnitude estimations are plotted 
in the log-log coordinates of Figs. 3-5. They were fitted by 
straight lines, i.e., power functions having the equation: 


log / = B log + logk Equation 2 


where w is perceived strength, ¢ is concentration level, k is a 
proportionality constant, and B is the slope of the line. 
Equation 2 can also be expressed in non-logarithmic terms: 
wu = kd* Equation 3 

The data in Figs. 3-5 conform rather well to the power law 
of sensory magnitude [20,21]. The single exception is the low 
end of the butanol function for the elderly. This kind of 
downturn typically shows up in the vicintiy of the absolute 
threshold and has prompted several revisions of the original 
power law. One of these [21] that fits most data well is: 


wb = k(¢-¢,)* Equation 4 


where ¢, approximates threshold. Implicit in this equation is 
the assumption that the stimulus level should be thought of 
as a distance above the threshold. 

Table 2 gives the constants k and 8, as well as the Pearson 
correlation coefficient, r relating log @ and log Ww. The con- 
stants for butanol were estimated using Equation 4. The pro- 
cedure for determining them is to find by iteration that value 
of @, that maximizes the value of r. 

Table 2 and Figs. 3-5 show that the exponents for young 


TABLE 2 
CONSTANTS OF THE POWER FUNCTIONS DEPICTED IN FIGS. 3-5 





NaCl co, Butanol 





0.77 0.26 
35.0 3.26 
0.98 0.99 0.99 


Elderly 

0.69 1.70 0.25 
~ 31.0 0.15 1.48 
r 0.99 0.99 0.99 





The butanol constants for the elderly group were fitted by an 
iterative solution described in the text. 


and old are nearly the same. In contrast, the value of k, 
which relates to the up-down position of the lines in log-log 
coordinates, is higher for the young than for the elderly. This 
was true for both CO, and butanol. (For NaCl the values of k 
are nearly the same, owing to the normalization procedure.) 
The results for CO, and butanol confirm the earlier studies: 
old age on the average depresses suprathreshold magnitude 
by nearly a constant fraction over stimulus levels. In the case 
of butanol the fraction amounts to approximately 0.5, in the 
case of CO,, to approximately 0.6, as compared to 0.6 and 
0.7 using unrectified data. 

One way in which olfactory and trigeminal perception 
differ strikingly is in the size of the exponent of the power 
functions. This implies that the perceived strength of CO, 
grows very fast as a function of concentration, that of 
butanol very slowly. For example, to double the estimated 
strength of CO, requires only a 1.5-fold increase in concen- 
tration level, but of butanol, a 16-fold increase. Thus, CO, 
reveals a rule of expanding returns, butanol a rule of di- 
minishing returns. NaCl gave an intermediate result. Low 
exponents characterize the olfactory domain in general. 

Although the elderly subjects had slightly higher nasal 
air-flow resistance, its role in age-related sensory impair- 
ment would seem to be minor at most. In fact, Murphy [13] 
reported that her elderly subjects actually had slightly lower 
nasal resistance than the young (p<0.05). 

Normal thresholds and depressed suprathreshold mag- 
nitude are uncommon, but not unprecendented, in sensory 
psychophysics. One is more likely to see a loss of magnitude 
accompanied by an elevation of threshold (e.g., in the case of 
olfaction [17] and conduction deafness [22]) or an elevation 
of threshold without serious loss of suprathreshold mag- 
nitude (e.g., as in nerve deafness [22]). However, one study 
[2] reported data suggesting normal thresholds but depressed 
magnitude some time after radiation therapy for neck cancer. 
Another study [12] examined 18 persons before, during, and 
after radiation therapy. That study found that loss of supra- 
threshold magnitude precedes elevation of threshold. 

A possible explanation for the present experiment has to 
do with spatial summation, a phenomenon that pervades the 
senses. That spatial summation occurs in the trigeminal 
sense has been demonstrated; bilateral perceived magnitude 
was considerably greater than unilateral magnitude [10]. 
Also the apnea reflex set in at lower levels of CO, when the 
stimulus was bilateral. In all likelihood the suprathreshold 
magnitude is some joint function of concentration level and 
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areal extent in the nose. Assuming that aging reduces the 
total number of functioning receptors but leaves unaffected 
some highly sensitive receptors it would be reasonable to 
conclude that magnitude could be blunted in the face of nor- 
mal ability to detect faint levels. 

The results for butanol bolster those for CO, because of 
the several studies that employed magnitude matching with 
taste and found an approximately constant percentage loss of 
olfactory magnitude in old age. The results for CO, also 
agree well with the earlier study of CO, [19]. 

In evaluating the striking elevation of the apnea reflex 
threshold in old age, one must keep open the possibility that 
aging could affect the motor side of the reflex as well as the 
sensory side. Magnitude matching clearly implicates sensory 
changes, but these may not tell the whole story. 

A recent study using magnitude matching with sweetness 
of sucrose as the comparison continuum [7] reported that 
women perceive nasal pungency of CO, as more intense than 
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men. No such sex difference showed up in the present in- 
vestigation. We did, however, show one significant sex 
difference. Elderly men had an average apnea reflex level of 
about half again as high as elderly women (by f-test, p<0.01). 
Women had previously shown a marginal advantage in reflex 
sensitivity [8,10]. The extent and origin of these sex differ- 
ences seem to merit closer scrutiny. One possibility has to do 
with long-term smoking habits. Even though all the subjects 
had abstained from smoking for at least one month before 
testing (most subjects years before), the elderly male sub- 
jects had a far greater incidence of smoking over a large part 
of their adult lives than did the elderly females. 
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EDWARDS, D. A. AND L. C. EINHORN. Preoptic and midbrain control of sexual motivation. PHYSIOL BEHAV 37(2) 
329-335, 1986.—In a testing arena where a male rat can choose to spend time (and mate with) a sexually receptive female or 
choose a non-receptive female, a sexually motivated male will prefer the sexually receptive female and a decrease in 
preference for the receptive female can be said to reflect a decrease in sexual motivation. We have used a preference test to 
study the effects of castration and brain damage on sexual motivation. In neurologically intact males castration virtually 
eliminates copulation and decreases preference for a receptive female; copulation and preference are restored by replace- 
ment therapy with testosterone. Lesions of the medial preoptic area (MPOA) and lesions of the dorsolateral tegmentum 
(DLT) of the midbrain abolish copulation and decrease preference for a sexually receptive female. In lesioned males 
preference declines even further as testing is extended over a span of several months and is not affected by either castration 
or replacement therapy with testosterone. It seems likely that, at least in part, castration and brain damage decrease mating 
by decreasing sexual motivation. The MPOA and DLT are connected by axons running through the medial forebrain 
bundle, and we speculate that sex hormones may work on cells in the MPOA to increase sexual motivation and behavior, 
perhaps by altering the activity of axons projecting to the DLT which are principally involved in the mediation of sexual 


reward or ‘‘pleasure.”” 


Male sex behavior Sexual motivation 


Medial preoptic area 


Midbrain tegmentum Brain lesions 





BILATERAL destruction of the medial preoptic/anterior 
hypothalamus virtually eliminates mating in male rats [3, 11, 
12, 16] and the male member of many other species. In their 
excellent review, Hart and Leedy [15] label this area as *‘the 
single most critical region for the mediation of male sexual 
behavior in mammals’ (pp. 404-405). In rats, preoptic/an- 
terior hypothalamic mediation of male sexual behavior is 
probably accomplished via axons running through the medial 
forebrain bundle (MFB). Sagittal knife cuts which bracket 
the medial preoptic/anterior hypothalamus transect the lat- 
eral afferents of preoptic/anterior hypothalamic cells project- 
ing through the MFB and produce deficits in the initiation of 
copulation [31]. Bilateral lesions of the MFB reduce sexual 
behavior [5, 17, 19], and asymmetric brain damage which 
nonetheless bilaterally destroys preoptic/anterior hypotha- 
lamic projections through the MFB (e.g., a unilateral preop- 
tic lesion combined with a contralateral MFB lesion) also 
decreases sexual activity in the male rat [17]. 

Axons from the medial preoptic area (MPOA) course 
through the MFB to pass through and/or terminate in the 
central gray, and the dorsolateral and ventral portions of the 
tegmentum [7,30]. Lesions of the dorsolateral tegmentum 
(DLT) placed just above the lateral half of the substantia 
nigra eliminate male sexual behavior, and we have made the 
case that connections between the MPOA and the DLT are 
essential for male sexual behavior [3]. Indeed, efferents from 
the MPOA passing through the medial forebrain bundle to 
the DLT are one avenue through which hormone sensitive 
cells in the preoptic area (26, 27, 28] could influence male 
sexual behavior. 

In infrahuman animals it is natural enough to infer the 


presence of sexual “‘motivation’’ from copulation. It does 
not follow, however, that the absence of copulation after 
experimentally produced brain damage is caused by, or even 
associated with, an absence of sexual motivation. For 
example, although male rats with MPOA lesions do not 
copulate, they continue to pursue receptive females and 
often show inappropriately oriented mounts without pelvic 
thrusting [3, 11, 16]. In tests with receptive females, lesioned 
males show ‘‘displacement’’ drinking and hindlimb scratch- 
ing which Hansen and Drake af Hagelsrum [13] have argued 
**may be due to the thwarting of sexual motivation.’’ Male 
mice with MPOA lesions do not mate, but continue to emit 
ultrasonic “‘courtship’’ vocalizations [1]. MPOA lesions at- 
tenuate and in some cases eliminate copulation in male mon- 
keys, but masturbation is unaffected [29]. These observa- 
tions have led some [11, 13, 29] to suggest that preoptic 
damage may impair the initiation or excution of copulation 
without necessarily affecting sexual interest. This notion, 
however, has never been directly tested. 

To measure sexual motivation in male rats we have used a 
‘*preference test’’ which involves placing a male with a sex- 
ually receptive female and a sexually non-receptive female at 
the same time. This is our own variant of Meyerson and 
Lindstrom’s [24] runway choice procedure for measuring 
sexual motivation. On the assumption that a sexually moti- 
vated male will choose to spend more time with a partner 
who can provide him with stimulation appropriate to his 
motivational state, the relative amount of time spent per test 
with each female provides a measure of sexual motivation. 
Using a preference test paradigm, we here report the results 
of a study designed to determine the effects of MPOA lesions 
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FIG. 1. The partitioned sexual preference testing arena with a tethered sexually receptive 
female and a tethered non-receptive female, along with an unrestrained male in the neutral 


compartment. 


and DLT lesions on copulation and sexual motivation. After 
surgery rats were tested when they were gonadally intact, 
6-8 weeks after castration, and finally during a period of 
testosterone replacement therapy. 


METHOD 


Animals 


Males of the Long-Evans hooded strain were commer- 
cially obtained (Blue Spruce Farms, Altamont, NY) at ap- 
proximately 70 days of age. Males were individually housed 


with ad lib Purina Lab Chow and water, and were maintained 
on a reversed 12/12 hour light/dark cycle. Each male was 
paired with a sexually receptive female a number of times 
over a period of several weeks, and once a male had ejacu- 
lated on several successive tests he was tested in the prefer- 
ence apparatus. 


Preoperative Preference Testing 


Prior to brain surgery, each male was given a series of 4 
tests designed to measure his preference for a sexually re- 
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ceptive female. To do this we used a relatively large arena 
(2x6x4 feet high) partitioned as shown in Fig. 1. A 37 cm 
high barrier was placed lengthwise in the arena to create two 
long compartments. A small (9.5 cm high) barrier was placed 
across the entrance to each of the long compartments to 
create a neutral compartment at one end of the apparatus. A 
sexually receptive female (brought into heat with injections 
of estrogen and progesterone) was tethered at the end of one 
compartment and an ovariectomized non-receptive female 
was tethered at the end of the other. A single test lasted 15 
minutes and was begun by placing the male in the neutral 
compartment. During the test we recorded the time spent by 
the male in each female’s compartment, and also recorded 
the sexual activity (mounts, intromissions and ejaculations) 
of the male with each partner. If a male failed to ejaculate 
during the 15 minute test, he was given an additional 15 
minutes with the receptive female in a circular testing jar. 
Each male was tested 4 different times over the space of two 
weeks, with the position of the receptive female and the 
non-receptive female alternated on successive tests. A 
number of males were tested on the same day, with the pair 
of females changed for each male’s test. In addition, prior to 
each day’s testing, the test arena was thoroughly washed 
with 95% ethanol and fresh bedding was spread on the floor 
of the arena. Most of the males tested in this way mated and 
spent more time with the sexually receptive female than the 
non-receptive female, and only males which mated to ejacu- 
lation on each of the last 2 tests and who showed a prefer- 
ence for the receptive female were selected for the study 
proper. Assignment to surgical groups was randomly done 
(within the constraints of alloting different numbers of sub- 
jects to different groups) and groups did not significantly 
differ with respect to preoperative copulatory behavior or 
sexual preference. 


Brain Surgery and Postoperative Testing 


Surgery was performed within 2 weeks after the last 
screening test. Mean body weight at the time of surgery was 
441 grams. Prior to surgery each rat was treated with 80 yg of 
atropine sulfate and was anesthetized with sodium pen- 
tobarbitol (55 mg/kg body weight, IP). After surgery each rat 
was intramuscularly injected with 60,000 units of Bicillin, 
and returned to its home cage with food and water removed 
until the morning after surgery. 

Some males (n=7) received bilateral lesions intended to 
destroy the medial preoptic area. Lesion coordinates were 
empirically determined. With the skull level, lesions were 
made 0.3-0.7 mm anterior to Bregma, 0.9 mm to each side of 
the midline, and 6.8 mm below dura. The lesioning electrode 
was a #0 steel insect pin, insulated with enamel except for the 
0.5 mm conical tip. In all cases lesions were made by passing 
1 mA of anodal current (with a rectal cathode) at the lesion 
site for 8 seconds. Some males (n=17) received bilateral le- 
sions aimed at the dorsolateral tegmentum: flat skull coordi- 
nates were 5.5 mm posterior to bregma, 2.0 mm lateral to 
each side of the midline, and 6.5 mm below dura. Electrode 
and current parameters were as noted above. A total of 12 
males served as controls. Two of these were sham-operates 
for the POA males, 3 others were sham-operates for the DLT 
males, and 7 males were not operated at all. Procedures for 
sham-operations were exactly as described above, with ex- 
ception that the electrode was lowered to within | mm of 
either the POA or the DLT and no current was passed. 

Rats with DLT lesions were anorexic and hypodipsic for 


3-14 days after surgery and were intubated with a liquid diet 
[32] once a day for the first few days after surgery. During this 
time the regular lab chow diet was supplemented with a 
slurry of dry baby food mixed with water. Later on, with the 
return of appetite, the baby food was replaced with a wet 
mash of powdered lab chow mixed with water. 

Behavioral testing began 2-3 weeks after surgery, at 
which time lesioned rats were maintaining normal or near- 
normal body weight on dry food and water. The only excep- 
tion to this was one DLT lesioned male who continued to 
receive a wet-mash supplement to his diet for the duration of 
the experiment. Each male was tested in the preference test 
apparatus twice a week for two consecutive weeks, exactly 
as described for the preoperative tests. Seven to 10 days 
after the fourth test, each male was anesthetized with ether 
and castrated. Beginning 6-8 weeks after castration each 
male was tested 4 more times. Finally, each male was in- 
jected with | mg of testosterone propionate each day, and 
was tested twice more during the third week of injections. 
Testosterone was dissolved in corn oil and injected sub- 
cutaneously in a volume of 0.1 ml. 


Histology 


At the conclusion of all behavioral testing, males were 
deeply anesthetized with sodium pentobarbitol and perfused 
through the heart with physiological saline followed by 10% 
Formalin. Frozen 50 u coronal sections were taken through- 
out the extent of the brain damage, mounted and stained with 
thionine. Brain damage for each male was drawn on histolog- 
ical sheets showing consecutive frontal plates reproduced 
from the atlas of K6nig and Klippel [21]. 


Statistical Analysis 


Sham-operated males for the MPOA and DLT lesion 
groups appeared to mate normally after surgery, and for pur- 
poses of analysis and presentation, these rats have been 
combined with the unoperated males into one group (n= 12) 
hereafter referred to as the control group. Preference data 
were analyzed using Dunnett’s test (two-tailed) which per- 
mits comparing the mean for each brain damaged group 
against the mean for the control group. 


RESULTS 
Copulation 


Each control male mounted, intromitted and ejaculated 
during each of the first four postoperative tests. In most in- 
stances (45 of 48 total tests) ejaculation occurred before the end 
of the 15 minute test in the preference box. In contrast, only 2 
of 7 males with MPOA lesions mounted after surgery, 
x*(1)=12.1, p<0.001. One of these males mounted twice. A 
second male showed a total of 17 mounts (with 8 intromis- 
sions). Similarly, only 6 of 17 males with DLT lesions 
mounted after surgery, x*(1)= 12.5, p<0.001. Of these males, 
three showed a total of three or fewer mounts over the series 
of four tests, and the remaining three mounted a total of 5, 
11, and 24 times (with a total of 3, 5, and 7 intromissions 
respectively). 

Castration virtually eliminated mating. Five of 12 control 
males mounted on at least one of the four tests, with a total 
of 13 mounts between them for the 4 tests in the box. Two of 
7 males with preoptic lesions mounted, with a total of 3 
mounts between them. Two of the 17 males with DLT le- 
sions mounted, with a total of 6 mounts between them. Tes- 
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FIG. 2. Sexual preference. Each male was tested with a sexually 
receptive female and a non-receptive female. Tests were 15 minutes 
long. The amount of time spent with a non-receptive female is sub- 
tracted from the amount of time spent with the receptive female. 
Preference is given in seconds (sec). A positive score indicates a 
preference for the receptive female. Mean scores are given for each 
group: control males, males with medial preoptic lesions (MPOA) 
and males with lesions of the dorsolateral tegmentum (DLT). After 
brain surgery, males were tested under three different hormonal con- 
ditions: when gonadally intact, 6-8 weeks after castration, and dur- 
ing replacement therapy with testosterone. Asterisks indicate means 
significantly different from control mean (*p<0.05, **p<0.01). 


tosterone replacement restored mating in most castrated 
controls—each of 12 mounted and intromitted, and 7 of these 
mated to ejaculation on at least one of the two tests. Testos- 
terone replacement did not restore mating in lesioned males: 
one male with MPOA lesions mounted once, and the other 
mounted twice; four of 17 males with DLT lesions mounted, 
only | of these intromitted, and none ejaculated. 


Sexual Preference 


To quantify sexual preference, we calculated a preference 
score for each male for each test by subtracting the time 
spent with the non-receptive female from the receptive 
female. Calculated in this way, a positive score indicates a 
preference for the sexually receptive female; a negative 
score indicates a preference for the sexually non-receptive 
female. For each male we averaged the preference scores for 
individual tests in each hormonal condition to give a single 
preference score which indicates the direction and mag- 
nitude of the male’s sexual preference. Preference scores for 
each group for each hormonal condition are shown in Fig. 2. 

Gonadally intact control males showed a strong prefer- 
ence for the sexually receptive female. Even eight weeks 
after castration most (10 of 12) continued to show a prefer- 
ence for the receptive female, although this preference was 
clearly reduced relative to that shown by the same males 
tested before castration. Each of the control males preferred 
the receptive female over the non-receptive female on tests 
conducted during testosterone replacement therapy, and the 
magnitude of this preference was not significantly different 
from that shown by these same males before castration. 
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FIG. 3. Percent of test spent with receptive female is contrasted with 
percent of test spent with the non-receptive female. Mean scores are 
given for each group: control males, males with medial preoptic 
lesions (MPOA) and males with lesions of the dorsolateral tegmen- 
tum (DLT). After brain surgery males were tested under three dif- 
ferent hormonal conditions: when gonadally intact, 6-8 weeks after 
castration, and during replacement therapy with testosterone. As- 
terisks indicate means significantly different from control mean 
(**p<0.01). 


Although each of the males with preoptic lesions showed 
a preference for the receptive female for the initial tests after 
surgery, the magnitude of the preference was significantly 
less than that shown by control males. Although most (5 of 7) 
males with preoptic lesions continued to show a preference 
for the receptive female after castration and with hormone 
replacement, the magnitude of this preference continued to 
decline during the course of the study, and was not affected 
by hormone replacement (Fig. 2). 

Similarly, although each of the males with DLT lesions 
showed a preference for the receptive female on the initial 
tests after surgery, the magnitude of the preference was rel- 
atively small and significantly lower than that for control 
males. By 6-8 weeks after castration only 12 of 17 males in 
this group were still showing a preference for the receptive 
female. Preference for the receptive female continued to de- 
cline, and was not affected by hormone replacement, with 10 
of 17 males showing a preference for the receptive female by 
the end of the study. 


Sociability 


For the most part, control and brain damaged males were 
highly social, choosing to spend most of each test period in 
the company of females rather than in the neutral arena. To 
show this we calculated the mean percent of each test spent 
with the receptive female and with the non-receptive female, 
and group means for each hormonal condition are shown in 
Fig. 3. Brain damaged males spent less time than-controls 
with sexually receptive females and this effect became even 
more evident towards the end of the study. On average, 
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brain damaged males spent more time than controls with 
non-receptive females, although differences in this respect 
were only statistically significant for the first series of tests. 


Histology 


With respect to size and placement preoptic and tegmen- 
tal lesions in this study were typical of those we described 
earlier [3] as eliminating copulation. Preoptic lesions in- 
cluded damage to the core of the medial preoptic nuclei on 
each side of the brain. Lesions invariably extended 
posteriorly to bilaterally invade the rostral aspect of the 
anterior hypothalamus. After lesioning, none of the MPOA 
lesioned males ever ejaculated, but three males did show 
some sporadic mounting. For two of these males the lesions 
were rather more dorsally placed, so as to include damage to 
the anterior commissure, and correspondingly smaller dam- 
age to the MPOA. The third male mounted twice, and the 
locus and extent of brain damage was comparable to that of 
non-maters. Although MPOA lesioned males in general 
showed a smaller preference than controls for a sexually 
receptive female, there was no clear relationship between 
variability in lesion size or placement and variability in sex- 
ual preference. 

DLT lesions were correctly placed in the sense that major 
bilateral destruction to the region just dorsal to the lateral 
aspect of the substantia nigra was evident in each case. For 
convenience we refer to this region as the dorsolateral teg- 
mentum, and it is certain that some efferents from the MPOA 
project to this area [7]. Considering the group as a whole, 
little or no damage to the red nucleus was present; minor 
damage to the medial lemniscus was evident in 3 cases, and 
more major damage to this structure was present in 2 cases. 


The substantia nigra was spared major damage, except in 
one case where major bilateral damage to the reticular part 
was noted. Apart from these exceptions, DLT lesions were 
fairly homogeneous, and there was no obvious relationship 
between variability in lesion size or placement and variabil- 
ity in sexual preference. 


DISCUSSION 


In this study, our use of a preference test to measure sexual 
motivation is based on the premise that a sexually motivated 
male will choose to spend time with a sexually receptive 
female in preference to a non-receptive female. Each of the 
males selected for use in this study showed such a preference 
preoperatively. Postoperatively, control males continued to 
show a strong preference for the sexually receptive female, 
and much of the time with the receptive female was spent 
copulating. The preference shown by neurologically intact 
males is not an exclusive one. Indeed, it is common for a 
copulating male to move back and forth between the recep- 
tive female and the non-receptive female. From time to time 
a male may mount the non-receptive female, but for the most 
part copulatory activity is directed at the receptive female. 

At this point we do not know all of the stimulus factors 
involved in the male’s preference. We used receptive 
females which not only show lordosis nearly every time they 
are mounted, but who also show soliciting hopping and dart- 
ing responses when approached by the male. Odors and ul- 
trasounds from the receptive female may also contribute to 
her attractiveness or signal her receptivity. But the important 
point is that a sexually interested male routinely shows a 
preference for the receptive female over the non-receptive 
female, and this preference presumably reflects the fact that 


the behavior of the receptive female is appropriate to the 
motivational state of the male and permits mating. 

In male rats, castration virtually eliminates copulation. 
This decline in mating is commonly attributed to a decline in 
sexual interest. In this study the majority of control males 
did not mount in tests conducted 6-8 weeks after castration. 
Those that did only mounted infrequently, and none intro- 
mitted or ejaculated. Even so, most of the males continued 
to show a preference for the sexually receptive female, al- 
though the magnitude of the preference was clearly di- 
minished from that shown when males were gonadally intact. 
During replacement therapy with testosterone, control males 
once again showed a strong preference for the receptive 
female. Sexual preference, and by inference sexual motiva- 
tion, are partly dependent upon testicular hormones. 

Using a somewhat different testing procedure, Hetta and 
Meyerson [18] showed that castrated male rats would con- 
tinue to orient to a sexually receptive female in preference to 
a male even three months after castration. Their work and 
ours demonstrates that for many males, some degree of sex- 
ual motivation apparently persists after castration even 
though copulation is absent. They suggested that other hor- 
mones or other endogenous substances might contribute to 
the regulation of sexual motivation, and prior sexual experi- 
ence may also play a role in this regard even though it does 
not seem to influence postcastrational copulation per se [2]. 


Lesion Effects on Copulation 


Bilateral preoptic/anterior hypothalamic lesions and 
bilateral dorsolateral tegmental lesions invariably produced a 
severe impairment in copulation, and in some instances 
abolished it altogether. These results confirm earlier reports 
(e.g., [3, 14, 16]) and we have elsewhere demonstrated that 
preoptic connections with the DLT are essential for copula- 
tion [3]. All rats were alert and healthy at the time of testing, 
and postoperative changes in sexual behavior do not reflect 
any easily detectable global deficit in arousability or sen- 
sorimotor capability. 


Preoptic and Tegmental Lesions Decrease Sexual 
Preference 


Preoptic lesions decreased preference for a receptive 
female, and it seems likely that preoptic destruction de- 
creases mating by decreasing sexual motivation. In the in- 
troduction we review evidence that sexual motivation can 
survive preoptic damage. Our results are in no way dissonant 
with these findings. Indeed, most of our lesioned males con- 
tinued to show a reliable, albeit attenuated, preference for 
sexually receptive females. When lesioned males, as docu- 
mented in other studies, pursue receptive females, show in- 
appropriately oriented mounts, emit courtship vocalizations, 
or show displacement hindlimb scratching, these behaviors 
may reflect some degree of residual sexual motivation. Our 
lesions were relatively small, and spared some medial 
preoptic tissue. It is altogether possible that larger lesions 
would have even greater effects on sexual preference. But 
the failure of our lesions to eliminate preference altogether 
should not be used to minimize the potential contribution of 
preoptic and midbrain tissue to sexual motivation, revealed 
by the fact that subtotal damage to the medial preoptic area 
and the dorsolateral part of the tegmentum reliably reduce 
the preference of a male for a sexually receptive female. 

The preoptic area contains a large number of cells which 
have a high affinity for radioactively labelled testosterone 
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(26, 27, 28], and implantation of a small amount of testos- 
terone into the medial preoptic area can restore sexual be- 
havior in castrated male rats [8,20]. Testosterone may influ- 
ence male sexual behavior by acting on cells in this region. 
Indeed, one of the major sexual behavioral functions of pre- 
optic hormone receptors may have to do with elevating sex- 
ual motivation. 

DLT lesions virtually eliminated copulation and de- 
creased preference for a sexually receptive female. In these 
respects, DLT lesions mimic the effects of preoptic damage, 
and the failure of these males to mate is presumably caused by 
a lesion-produced decrease in sexual motivation. Although it 
is currently not known whether the DLT contains any 
androgen concentrating cells, inasmuch as preoptic implants 
of testosterone are sufficient to restore sexual behavior in 
castrated males [8,20], it seems unlikely that the DLT is an 
important site of hormone action with respect to sexual 
motivation and behavior. Rather, testosterone may act on 
hormone sensitive cells in the preoptic area to elevate sexual 
motivation—an effect which might be accomplished through 
preoptic efferents to the DLT. 

During the test period neurologically intact and brain 
damaged males alike typically move back and forth between 
the receptive and non-receptive female. Although brain 
damaged males invariably spend less time than control males 
with sexually receptive females (Fig. 3), on average they 
spend more time than control males with non-receptive 
females. This is important because it means that neither type 
of brain damage decreases a male’s propensity to spend time 
with females per se, and the effect of preoptic and tegmental 
lesions on sexual preference and behavior appears to reflect 
a more specific decrease in sexual interest. 


Time/Test Related Changes in Preference 


The last behavioral tests were completed approximately 5 
months after brain surgery, with about 3 months intervening 
between the completion of the initial series of tests and the 
start of the tests conducted during replacement therapy with 
testosterone. The preference of control males over this time 
is remarkably stable: although castration reduces preference 
for the receptive female, preference is restored to normal by 
replacement therapy with testosterone (Figs. 2 and 3). 
Preoptic and DLT lesions decrease preference for a recep- 
tive female, and the effect is evident in the initial series of 
tests. For lesioned males preference continues to decline as 
testing continues over the space of the next several months 
and is not affected by castration or testosterone replace- 
ment. 

A neurologically intact male’s preference for a receptive 
female depends upon his sexual interest and is maintained by 
the fact that the female provides stimuli appropriate to his 
motivational state. Hopping, darting, female ultrasonic voc- 
alizations and a number of other stimuli may acquire proper- 
ties as incentives or secondary reinforcers through their 
association with more fundamentally rewarding aspects of 
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copulation. Brain damage decreases sexual motivation, and 
virtually eliminates copulation. The continued decline in 
preference shown by brain damaged males may reflect a 
gradual extinction of the secondary reinforcers developed 
through association with copulation. From this perspective, 
the failure of brain damaged males to copulate could be said 
to be both a consequence and cause of lesion-produced de- 
creases in sexual motivation. 


Neural Substrates for Sexual Reward 


The human vocabulary of sexual experience includes the 
terms sexual *‘pleasure’’ and ‘‘desire.’’ We assume (there is 
no good reason not to) that these human feelings have coun- 
terpart in the experience of non-human mammals. In 1954 
Olds and Milner demonstrated that rats would work to de- 
liver electrical stimulation to some parts of their own brains 
[25]. Studies of the rewarding effects of brain stimulation are 
at the core of what is presently known of the neurobiology of 
pleasure. The POA and MFB support self-stimulation [4, 6, 
22], and castration decreases self-stimulation to these areas 
[4,33], a result which seemingly links self-stimulation to 
hormonal conditions necessary for sexual activity. Electrical 
stimulation of the preoptic area [23,23] and the medial 
forebrain bundle [4,6] facilitate male sexual behavior in 
rats. Some preoptic efferents project through the MFB to 
terminate and/or pass through the DLT, and there is some 
evidence that electrical stimulation of the DLT is rewarding 
[10]. Sex hormones may work on cells within the POA to 
stimulate male sexual behavior [8,20], perhaps by altering 
the activity of axons projecting to the DLT which are princi- 
pally involved in the mediation of sexual reward or *‘plea- 
sure,’ and which may ultimately be involved in the transla- 
tion of sexual desire into sexual activity. 

While the topography of mating is different for males of 
different species, there are some apparent universals having 
to do with its expression. Sexual activity in male mammals, 
including humans [9], is dependent upon the presence of 
testicular hormones. Destruction of the medial preoptic area 
eliminates or attentuates male sexual behavior in every spe- 
cies studied to date ({15] for an excellent review). Under the 
appropriate circumstances, sexual interactions are reward- 
ing. From this perspective, our results, which implicate the 
POA and DLT in the phenomena of sexual behavior, moti- 
vation and reward, would seem to have relevance for under- 
standing the psychobiology of male sexual behavior in all 
mammalian species where the expression of sexual behavior, 
feelings of sexual desire, and the potential for sexual reward 
are so intimately related. 
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FERRELL, F. AND A. Z. DREITH. Calcium appetite, blood pressure and electrolytes in spontaneously hypertensive 
rats. PHYSIOL BEHAV 37(2) 337-343, 1986.—Appetite for solutions of 0.01 M—0.1 M calcium chloride or calcium lactate 
were assessed using the two-bottle choice technique in spontaneously hypertensive (SHR) and Wistar-Kyoto (WKY) 
normotensive rats fed calcium replete diets. SHR exhibited a marginally increased preference for calcium chloride and a 
significantly increased preference for calcium lactate (p<0.02). In SHR, but not in WKY, 28 days of calcium exposure via 
the preference test solutions significantly affected systolic blood pressure (p<0.03). The group of SHR ingesting calcium 
chloride had a lower mean systolic blood pressure, and that ingesting calcium lactate had a higher mean systolic blood 
pressure than the control group receiving no exposure to calcium in preference tests. Blood pressures of individual rats, 
however, were not related to cumulative milliequivalents of Ca consumed, body weight, whole blood or serum ionized Ca, 
K or Na concentrations, or total serum calcium. Strain differences in chemosensory sensitivity might play a role in 


mediating the enhanced self-selection of calcium by SHR. 
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EPIDEMIOLOGICAL studies and clinical trials with hu- 
mans [6, 15, 24] and controlled feeding experiments with 
spontaneously hypertensive rat models [2, 13, 27, 33] suggest 
a negative relationship between calcium intake and blood 
pressure. Individuals with low renin levels, a subset of 
human hypertensives who respond to high dietary sodium 
chloride with increased blood pressures, reportedly have low 
blood calcium levels, and their blood pressures may be re- 
duced by dietary calcium supplementation [30]. Spontane- 
ously hypertensive rats (SHR) have lower serum ionized 
calcium concentrations and higher urinary calcium excretion 
than Wistar-K yoto (WKY) normotensive counterparts [25]. 
Both SHR and WKY respond to dietary calcium supple- 
mentation with significant decreases in blood pressure 
{2,26}. 

Enhanced calcium appetite in the presence of calcium 
deficiency state has been documented in several species, 
including humans (see review by Denton [9]). Both dietary 
calcium deprivation and parathyroidectomy produce dra- 
matic increases in calcium intake in normal rats [21, 31, 34]. 
These behavioral changes in appetite represent an adaptive 
mechanism which may aid in maintaining calcium homeo- 
stasis. SHR exhibit enhanced taste preference and intake for 
NaCl and KCI solutions [12]. Although high sodium intake 
further elevates the high blood pressure in SHR, severe 
sodium restriction results in failure to grow and premature 
mortality [1, 5, 22]; thus enhanced NaCl preference in SHR 
might be a consequence of physiological need [36]. Their 
heightened preference for KCI might also represent an adap- 
tive mechanism, as the addition of KCI to a dietary NaCl 


load can reduce the magnitude of rise in the blood pressure 
of SHR [22]. 

Neural taste recordings [4] and human psychophysical 
studies [3] suggest that cations are excitatory, and anions 
inhibitory, in salt taste, with neural response magnitude and 
perceived stimulus intensity diminishing as the size of the 
anion increases. The simple anion chloride is the least inhibi- 
tory and has no taste of its own. The anionic component of 
sodium salts can also affect the extent to which a given con- 
centration of dietary sodium affects blood pressure. Sodium 
chloride induces higher increases in blood pressure than 
does approximately equimolar sodium bicarbonate, sodium 
ascorbate or a combination of the two [18,39]. The adverse 
effect of the chloride ion on blood pressure is associated with 
its inhibition of renin release [16]. Thus, the form of a sodium 
or calcium salt presented for consumption might influence 
taste preference for that salt, blood pressure, or both. 

The experiments described here were conducted to com- 
pare appetite for calcium chloride (CaCl,) and calcium lac- 
tate (Ca Lac) in SHR and WKY and to determine whether 
intake of either calcium salt is related to systolic blood pres- 
sure in the two strains. An ancillary aim of the study was to 
measure ionized Ca**+, Na* and K* in whole blood and 
serum of SHR and WKY and to examine their possible inter- 
relationships with each other and with blood pressure. 


METHOD 
Animals 


Thirty male SHR (Colony IBU #3) and thirty age-matched 
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male normotensive WKY rats (Colony MBU #3A) were 
shipped by Taconic Farms (Germantown, NY 12526) at 7 
weeks of age. This age immediately precedes the beginning 
of the acceleration phase of the rise in blood pressure charac- 
teristic of present day Taconic Farms SHR stock. (Booklet: 
Growth and Blood Pressure Data on WKY and SHR. Ger- 
mantown, NY: Taconic Farms, Inc. (Laboratory Animals 
for Research), 1984.) Throughout the 53-day study, animals 
were housed individually in hanging wire bottom stainless 
steel cages in a quiet light-controlled (12 hr L:12 hr D) room 
maintained at 23°C and were fed ad lib Rat Chow 5012® 
pellets (Ralston-Purina Co., St. Louis, MO 63164). The diet 
is a complete life-cycle constant formula rat diet containing 
by weight 1.01% calcium, 0.28% sodium, 1.08% potassium 
and 0.43% chloride. Except when specific calcium solutions 
were presented in taste preference tests, all rats were given 
ad lib distilled deionized water as their sole drinking fluid. 
Animal care and use followed guidelines of the National Re- 
search Council. 


Design 


Upon arrival, animals were given six days to acclimate to 
their environment, after which baseline measures of systolic 
blood pressure were taken for each animal by the indirect tail 
cuff method (Narco Biosystems, Houston, TX 77061). Six to 
eight individual measures were always averaged to obtain 
the blood pressure value recorded for each rat. Within each 
strain, rats were subdivided into three groups producing the 
smallest mean differences +1 SEM in blood pressure. The 
group mean baseline blood pressures did not differ by more 
than 0.26 mmHg in SHR and by 0.74 mmHg in WKY. 
Groups within each strain were randomly assigned to each of 
three treatment conditions, designated as Control, CaCl, or 
Ca Lactate, for a 32-day period of taste preference testing. 
Stimuli employed in the taste preference tests for rats in the 
two experimental groups were reagent grade calcium 
chloride or calcium lactate (Fisher Scientific, Fair Lawn, NJ 
07410) dissolved in distilled deionized water and presented at 
concentrations of 0.001, 0.002, 0.005, 0.01, 0.02, 0.05 and 0.1 
M. Taste preferences of CaCl, and Ca Lactate rats for the 
test solutions were assessed using the two-bottle choice 
technique in which each animal had access to two drinking 
bottles over a given period, one containing the appropriate 
calcium (test) solution, the other containing distilled de- 
ionized water (standard). Control animals always received 
distilled deionized water in both bottles. Concentrations of 
calcium solutions were presented in ascending order, with 
the position of the test bottle on the cage front counterbal- 
anced in a double alteration (right-left-left-right . . .) se- 
quence. During the initial four days of testing, rats in all 
three groups received water vs. water in a series of two 48-hr 
tests. Subsequently, CaCl, and Ca Lactate rats received as- 
cending concentrations of their assigned calcium salt vs. 
water, with each concentration tested in two 48-hr tests. 
Fresh solutions and water were provided for each such test. 
Individual preference scores, or percent preference, for the 
test solution during a 48-hr test was computed by dividing 
grams of test solution consumed by total fluid (test + water) 
consumed and multiplying the quotient by 100. The scores 
obtained for each of the two 48-hr tests were then averaged 
at each concentration. 

Immediately following completion of the final taste pref- 
erence test, post-experiment blood pressures were meas- 
ured. Following 15 subsequent days which served as a ‘wash 
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FIG. 1. Body weights over experimental days for SHR and WKY in 
Control, CaCl, and Ca Lac treatment groups. Values are means+1 
SEM. 





out’ period during which no calcium solution was available 
to the animals, final blood pressures were taken. Five SHR 
and five WKY from each treatment condition were im- 
mediately anesthetized with ether and two blood samples 
obtained from each by cardiac puncture. Blood was drawn 
into vacuum clot tubes and vacuum tubes containing lithium 
heparin, kept anaerobic and on ice, and analyzed within two 
hours of collection [35,37]. Whole blood and serum concen- 
trations of ionized calcium, sodium and potassium were de- 
termined on a Gilford Chemlyte Na*/K*/Ca** Ion Selective 
Analyzer and concentration of total calcium was determined 
on a Gilford Impact 400E Clinical Chemistry Analyzer (Gil- 
ford Instrument Laboratories, Oberlin, OH 44074). SHR and 
WKY not employed for blood analyses were retained for 
recording electrophysiological activity from the chorda tym- 
pani gustatory nerve in response to tongue stimulation with 
concentrations of CaCl, and Ca Lactate which were identical 
to those used in the study reported here. 


Statistical Analyses 


Effects of strain and calcium treatment upon body weight, 
systolic blood pressure, cumulative mEq of Ca** consumed 
and blood electrolytes were examined by two-factor 
ANOVA (BMDP 7D). (BMDP Statistical Software, Inc., 
1964 Westwood Blvd. Suite 202, Los Angeles, CA 90025.) 
Individual taste preference ratios were normalized using the 
logit transformation, in which logit preference L = In 
[p/l—p], where p is the ratio of test fluid consumed to total 
fluid consumed. Preference for test solutions and test intake, 
water intake and total fluid intake (test + water) were 
analyzed by two-factor ANOVA with repeated measures 
over treatment intervals (BMDP 2V). (BMDP Statistical 
Software, Inc., 1964 Westwood Blvd. Suite 202, Los 
Angeles, CA 90025.) Those statistical programs additionally 
provided correlation matrices and t-tests with Bonferroni ad- 
justments for multiple comparisons. Body weight gain and 
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FIG. 2. Percent preference for test (top), mEq Ca** 


intake (middle) and fluid intake (bottom) of SHR 


and WKY in each treatment group. Values are mean+1 SEM. Note that Control rats, receiving water 
as the test and standard solutions, exhibit similar intakes from each bottle. 


various preference and intake measures were also examined 
for linear and quadratic trends. 


RESULTS 


Growth, expressed as increase in body weight, is shown 
in Fig. 1. Over treatment days, WKY rats were heavier than 
SHR, F(1,54)=73.38; p<0.0001. In WKY, but not in SHR, 
calcium exposure was associated with increased body weight 
compared to control animals, as indicated by a significant 
strain X treatment interaction, F(2,54)=3.60; p<0.04. 

The preference scores for calcium solutions, mEq Ca** 
intake for rats in the CaCl, and Ca Lac groups and total fluid 
intake for all rats are shown, respectively, in the top, middle 


and bottom graphs of Fig. 2. Since control rats always re- 
ceived water in both bottles during preference testing, their 
preference scores, which do not differ from each other or 
from chance, represent a preference for the left or right-hand 
bottle position. Averaging for each rat across calcium con- 
centrations, SHR had overall higher preferences than WKY 
for calcium solutions, F(1,54)=7.17; p><0.01. The two strains 
did not differ significantly in preference for CaCl, but SHR 
had higher preferences than WKY for Ca Lac, 1(36)=3.19; 
p<0.02. Rate of rejection of calcium with increasing concen- 
tration was greater in both strains when CaCl, was the test 
solution, 1(36)=3.15; p<0.01. Because preference ratios re- 
flect absolute amounts of both test and water consumed, 
relative intakes of test solution and water were compared for 
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TABLE | 
BLOOD ELECTROLYTES AND TOTAL CALCIUM IN SHR AND WKY RATS 





Whole Blood 


Genotype Ca** K* Na* 


Serum 


ca K* Na* 





SHR 1.2360 
(0.0195) 

1.2569 
(0.0186) 


5.393* 
(0.160) 
6.027 

(0.222) 


144.59 
(0.429) 

143.82 
(0.387) 


WKY 


1.3627 
(0.0109) 
1.3840 
(0.0097) 


5.840 
(0.127) 

6.264 
(0.240) 


147.037 
(0.214) 

145.83 
(0.208) 





N= 15 rats from each strain. Values are expressed as mean mM/| + 1 SEM. 


*p<0.04; tp<0.0006, SHR vs. WKY. 


the four experimental groups. No overall strain effect upon 
test solution intake was found, although within the Ca Lac 
treatment condition, SHR consumed more test than WKY, 
1(36)=2.89; p<0.03. The four groups did not differ from each 
other in overall water intake. (Test solution and water in- 
takes are not shown.) 

Comparing all six groups and averaging over treatment 
days, less water was consumed over time, F(6,324)=3.93; 
p<0.0008, and the age-related decline was less in SHR than 
WKY, F(6,324)=4.11; p<0.0005. Rats in the experimental 
groups drank more water over time than controls, 
F(12,324)=3.81; p<0.0001. Averaging over treatment days, 
no overall differences in total fluid intake were present 
among the six groups (bottom graphs, Fig. 2). As with water 
intake, the rats decreased total fluid consumption over time, 
F(6,324)=111.82; p<0.0001. The rate of decrease with time 
in total fluid consumption, however, was less in SHR than in 
WKY, F(1,54)=18.47; p<0.0001. 

Milliequivalents of Ca** consumed per mi of test solution 
varies with molar concentration of the solution; thus prefer- 
ence scores and test intakes across a concentration series do 
not directly reflect mEq Ca** intake. Averaging across test 
concentrations for each of the four experimental groups 
(middle graphs, Fig. 2), SHR consumed more mEq Ca** 
overall than WKY, F(1,36)=5.86; p<0.02. Concentration of 
the calcium solution exerted a significant main effect upon 
Ca** intake, F(6,216)=78.02; p<0.0001, with more Ca** in- 
gested at midrange concentrations of CaCl, and Ca Lac. 
SHR’s comparatively high intake of Ca Lac at four of the 
seven test concentrations is reflected in a significant concen- 
tration X strain interaction, F(6,216)=2.24; p<0.04, and the 
tendency for both SHR and WKY receiving the chloride 
anion to reduce Ca** intake more abruptly at high concen- 
trations is indicated by a significant concentration x treat- 
ment interaction, F(6,216)=6.46; p<0.0001. 

Baseline blood pressures differed between SHR and 
WKY, F(1,54)=72.36; p<0.0001, but not among treatment 
groups within either strain (Fig. 3). There was a significant 
overall main effect of treatment on blood pressure, 
F(1,54)=3.99; p<0.03. In SHR, post-experimental blood 
pressures of rats in the CaCl, group were significantly lower 
than pressures of rats in the Ca Lac group, 1(54)=3.05; 
p<0.03. Post-experimental blood pressure values for control 
rats fell between those of CaCl, and Ca Lac exposed rats, and 
were not significantly different from either experimental 
group. Treatment had no significant effect on blood pressure 
in WKY. A marginal effect of treatment group was observed 
upon cumulative mEq Ca** consumed over the entire pref- 
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FIG. 3. Systolic blood pressures of SHR and WKY in each treat- 
ment group. Values are mean+1 SEM. Asterisks denote time of 
beginning and end of taste preference tests. 


erence testing period. Rats consumed slightly more Ca** as 
chloride than as lactate, F(1,36)=3.35; p<0.08. High 
cumulative Ca** intake, whether consumed as chloride or as 
lactate, was not significantly correlated with lower blood 
pressure in individual rats. Blood pressure was not related to 
initial body weight, post-experiment body weight, or change 
in body weight over the preference testing period. 
Concentrations of ionized Ca, Na and K in whole blood 
and serum of SHR and WKY and of total calcium in serum 
are shown in Table 1. All electrolytes and total calcium values 
were within normal ranges in SHR and WKY; however, 
strain differences were present. SHR had significantly lower 
whole blood K*, F(1,22)=4.90; p<0.04, and exhibited a 
nonsignificant trend toward lower serum K* (p<0.08) and 
serum Ca** (p<0.13). SHR and WKY did not differ in whole 
blood Na*, but serum Na* was significantly higher in SHR, 
F(1,24)=15.48; p<0.0006. Washout blood pressure, meas- 
ured 24 hours prior to blood collection and analysis, was not 
significantly related to any electrolyte concentration in 
whole blood or serum, or to total serum calcium. Significant 
positive correlations were found between serum Ca** and 
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whole blood Ca** (r=0.62; p<0.025), serum K* and whole 
blood K* (r=0.86; p<0.01) and whole blood Na* and whole 
blood Ca** (r=0.80; p<0.01). 


DISCUSSION 


The present study has demonstrated that spontaneously 
hypertensive rats, neither parathyroidectomized nor fed a 
calcium-deficient diet, nonetheless exhibit an enhanced 
appetite for calcium solutions compared to Wistar-Kyoto 
normotensive rats. These differences were observed with 
calcium appetite expressed as a preference ratio, as mEq 
Ca** consumed per unit body weight and, in the case of the 
lactate salt, as total test solution ingested across concentra- 
tions. Metabolic need for calcium and other minerals has 
been demonstrated to result in specific increased intakes of 
them [9]. Whereas there appears to be agreement that fun- 
damental defects exist in calcium homeostasis in SHR, prob- 
ably related to a generalized, genetically transmitted defect 
in membrane calcium regulation [19], existing evidence is 
conflicting as to whether a calcium deficiency state exists in 
that animal. Both increased and decreased intestinal calcium 
absorption have been reported in SHR [20, 26, 32]. They 
have reduced serum ionized calcium [25,40] and hypercal- 
ciuria [2, 20, 25], but are also characterized by increased 
urinary calcium recovery [7] and higher calcium deposition 
in bone [20]. Thus, it is unclear to what extent enhanced 
calcium appetite in SHR reflects a physiologic deficiency. 

Sensory cues play a role in mineral intake. Possibly, al- 
tered taste sensitivity to salts is present in SHR which is 
reflected in their calcium preference. Differing chemosen- 
sory characteristics of the calcium salts themselves might 
account for between-strain similarities in the differential 
preference-aversion curves for CaCl, and Ca Lactate. A pre- 
liminary report employing chloride salts suggests that SHR 
have increased preferences and decreased taste nerve sen- 
sitivity to sodium, potassium and calcium [29]. In the present 
study, SHR tended to show higher preferences than WKY 
for CaCl,, but differences did not reach significance 
(p<0.13). SHR’s preference for, and intake of Ca Lactate 
solution, however, and actual mEq of Ca** consumed, were 
statistically significant in all cases. The assumption that the 
chloride is tasteless and less inhibitory than the lactate ion 
[3,4] would suggest that calcium in a CaCl, solution would 
excite the taste receptors more, and be perceived as more 
concentrated than equimolar calcium in a Ca Lactate solu- 
tion. Comparison of preference curves and of mEq Ca** 
intake as chloride and as lactate suggest that this is the case. 
CaCl, preference and intake are comparatively less at 0.1 M. 
At that concentration, CaCl, has a caustic, astringent taste to 
humans, whereas Ca Lactate is fairly inoffensive, sup- 
posedly due to the inhibiting effect of the lactate ion. 
Preliminary neurophysiological recordings of rat chorda 
tympani taste nerve responses to concentration series of 
CaCl, and Ca Lactate have been compared in SHR and 
WKY. As predicted, equimolar increases in calcium concen- 
tration between 0.001 M and 0.1 M produce markedly larger 
increases in neural responses when CaCl, is employed (Fer- 
rell, unpublished data). 

The observed decrease over time in water and total fluid 
consumption in the six groups is a normal developmental 
occurrence. Although SHR drank less fluid per unit body 
weight during early experimental sessions, they drank more 
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in later sessions. Hyperdipsia has recently been described in 
SHR as early as 9 weeks of life, and may involve deficient 
salivary function [17]. Rats in the present study were approx- 
imately 11 weeks old when their increased fluid intake rela- 
tive to WKY first appeared. 

In SHR, CaCl, exposure over the preference testing 
period was associated with lowered blood pressure and Ca 
Lactate with raised blood pressure compared to controls. In 
neither case was the degree of change in blood pressure sig- 
nificantly correlated with absolute mEq Ca** consumed; 
thus, the effects did not appear to be dose-related. A nega- 
tive relationship between CaCl, exposure in preference tests 
and blood pressure has also been observed in Dahl salt- 
sensitive rats [11]. Thus, it appears that the chloride anion, 
which exacerbates hypertension in DOCA hypertensive [18] 
and Dahl salt-sensitive rats [39] when ingested as NaCl, is 
associated with a beneficial effect when ingested as CaCl,. 
The effect of the chloride ion may be indirect, possibly that 
of enhancing gut absorption of calcium. Calcium’s purported 
protective effect upon blood pressure, in turn, has been hy- 
pothesized to be related to a role in the optimal functioning 
of vascular smooth muscle cells through regulation of vascu- 
lar contraction and relaxation and decreasing peripheral vas- 
cular resistance and reactivity [23]. 

No correlation was found between any electrolyte in 
serum or whole blood, or total serum calcium, and blood 
pressure. Whereas ionized calcium, potassium and sodium 
and total calcium values were within the normal range for 
SHR and WKY, serum ionized calcium was marginally 
lower in SHR. No strain differences in whole blood ionized 
calcium or total calcium were seen; however, daily plasma 
calcium fluctations are regulated within +3% by the inte- 
grated actions of parathyroid hormone, calcitonin and vita- 
min D [9]. It is difficult to reconcile the observed strain 
differences in K* and Na* in serum and whole blood with 
present knowledge of membrane abnormalities in sodium 
and potassium fluxes in SHR [8,38]. Our blood collection 
methods reflected our primary purpose of examining ionized 
Ca**, and results might have been influenced by our sub- 
stitution of lithium heparin or examination of the blood chilled 
rather than at room temperature, with consequent inac- 
tivation of the sodium-potassium pump [14]. Failure to find 
extremely high correlations between serum and whole blood 
sodium, potassium and calcium also suggest that erythrocyte 
membrane transport mechanisms are involved. 

In summary, SHR fed calcium replete diets exhibited a 
marginally increased appetite for CaCl, and a significantly 
increased appetite for Ca Lactate compared to WKY. CaCl, 
ingestion was associated with lowered blood pressure and Ca 
Lactate ingestion with raised blood pressure, although not in 
a dose-related manner. Blood pressures of individual animals 
were not reflected in mEq Ca** ingested or in serum or 
whole blood levels of any electrolyte or total serum calcium. 
Strain differences in peripheral chemosensory sensitivity 
might play a role in mediating SHR’s increased calcium pref- 
erence. Chorda tympani recordings performed in this labora- 
tory suggest that Dahl salt-sensitive and salt-resistant rats 
differ in their neural response/concentration functions to 
0.01 thru 0.5 M CaCl,. Evidence exists also for centrally 
mediated influences in self-selection of dietary calcium. In 
Sherman rats, destruction of the thalamic taste nucleus elim- 
inates the normally observed increase in calcium intake fol- 
lowing parathyroidectomy [10]. 
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MENDELSON, S. D. AND B. B. GORZALKA. 5-HT,A receptors: Differential involvement in female and male sexual 
behavior in the rat. PHYSIOL BEHAV 37(2) 345-351, 1986.—The peripheral administration of the serotonin type 1A 
(5-HT,A) receptor agonist 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH DPAT) inhibited lordosis behavior in ovariec- 
tomized rats primed with estradiol benzoate. 8-OH DPAT was ineffective at 0.01 mg/kg, whereas inhibition occurred at the 
0.03, 0.1, 0.3, 1, and 3 mg/kg doses. On the other hand, 8-OH DPAT enhanced various measures of male sexual behavior both 
in males and in females treated chronically with testosterone propionate. In males, 1 mg/kg 8-OH DPAT reduced ejacula- 
tion latencies and the number of intromissions prior to ejaculation. In females, 0.1 and 1 mg/kg 8-OH DPAT increased 
mount frequencies. These data indicate differential involvement of 5-HT,A receptors in male and female sexual behavior. 
In view of these and other recent data the authors conclude that activity at 5-HT, receptors facilitates, whereas activity at 
5-HT, receptors may either facilitate or inhibit lordosis behavior. Furthermore, it is proposed that 5-HT,A receptors 
mediate inhibitory effects, whereas 5-HT,B receptors mediate presynaptic, facilitatory effects of serotonin. 


Sexual behavior Lordosis 8-OH DPAT 


Serotonin 


Serotonin receptors 5-HT,A receptors 





SEROTONIN (5-HT) has generally been considered to serve 
an inhibitory role in the sexual behavior of the female rat 
[25]. A variety of treatments that reduce 5-HT activity, 
such as the administration of monoamine storage depletors, 
5-HT synthesis inhibitors, or 5-HT antagonists have been 
reported to facilitate sexual behavior in estrogen-primed, 
ovariectomized rats [23,42]. On the other hand, many treat- 
ments that increase 5-HT activity, such as the administration 
of 5-HT agonists, releasing agents, or reuptake blockers 
have been reported to inhibit sexual behavior in the steroid- 
primed female rat [8, 24, 41]. 

Despite substantial evidence of serotonergic inhibition, 
reports on the effects of serotonergic agents have not been 
entirely consistent with a simple inhibitory role for 5-HT 
in female sexual behavior. In some studies, serotoner- 
gic drugs have been completely ineffective [33,37]. 
Moreover, treatments that reduce serotonergic activity have 
in some cases inhibited rather than facilitated female sexual 
behavior [6,13]. 

It has now been established that central 5-HT receptors 
are not homogenous but consist of two major subtypes, 
designated as 5-HT, and 5-HT, receptors [30]. Therefore, it 
is possible that some inconsistencies in the literature may 
have been due to a lack of subtype selectivity in the drugs 
used to evaluate the role of 5-HT in female sexual behav- 
ior. Although the majority of classical serotonergic agents 





bind readily to both 5-HT, and 5-HT, receptors [30], drugs 
with high receptor subtype selectivity have now become 
available. In a recent study we observed that the highly 
selective 5-HT, antagonist pirenperone inhibited lordosis 
behavior, and that this inhibition was attenuated by the 
5-HT, agonist quipazine [20]. Inhibition was also observed 
following the administration of the selective antagonists 
ketanserin and spiperone. These results led us to hypoth- 
esize a dual role for 5-HT, and differential roles for the 5-HT, 
and 5-HT, receptor subtypes in the modulation of female 
sexual behavior. Specifically, we proposed that the classical 
inhibitory effects of 5-HT are mediated by 5-HT, receptors, 
whereas the facilitatory effects of 5-HT are mediated by 
5-HT, receptors [20, 21, 22]. This hypothesis has been pro- 
posed independently by other authors [40]. 

Recent evidence indicates that the 5-HT, class of recep- 
tors also consists of subtypes. Two pharmacologically dis- 
tinct 5-HT, receptor subtypes have now been recognized on 
the basis of high (5-HT,A) and low (5-HT,B) affinity compo- 
nents in the displacement by spiperone of [*H]S-HT from 
5-HT, receptors [7,29]. The 5-HT agonist 8-hy- 
droxy-2-(di-n-propylamino)tetralin (8-OH DPAT) appears 
to bind selectively and with high affinity to the 5-HT,A re- 
ceptor [26]. To the best of our knowledge, there has been no 
evaluation of the effects of a 5-HT,A selective agonist on 
lordosis behavior. It may be that 5-HT,A and 5-HT,B recep- 
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FIG. 1. Mean lordosis quotients +S.E.M. of ovariectomized rats 
primed with estradiol benzoate, following the administration of vary- 
ing doses of 8-hydroxy-2-(di-n-propylamino)tetralin 30 min prior to 
behavioral testing. 


tor subtypes serve distinct behavioral functions, as has been 
proposed for 5-HT, and 5-HT, receptors. Therefore, the ef- 
fects of 8-OH DPAT on lordosis in the female rat were eval- 
uated in the present study. 

Although there have been no published studies on the 
effects of 8-OH DPAT on lordosis behavior in the female rat, 
there have been reports of dramatic facilitation of homotypic 
sexual behavior in the male rat [1, 2, 3]. In the present study, 
we attempted to verify the reported effects in males follow- 
ing the administration of 8~OH DPAT. Because male sexual 
behavior can be observed in female rats, especially those 
that have been treated with testosterone [36], we also exam- 
ined the effects of 8-OH DPAT on the expression of male 
sexual behavior in females. 


GENERAL METHOD 
Animals and Surgery 


Male and female Sprague-Dawley rats were bred in our 
facilities from stock originally obtained from Charles River 
Canada Inc., Montreal. Animals were weaned at 21 days of 
age and housed, by sex, in groups of six in standard labora- 
tory wire mesh cages. At approximately 70 days of age, the 
females were bilaterally ovariectomized through lumbar in- 
cisions. Surgery was performed while the animals were 
under ether anesthesia. Immediately following surgery, all 
females were returned to group housing conditions. All 
animals were housed in a room maintained under a reversed 
12 hr dark/12 hr light cycle at 21+1°C and all were allowed 
free access to food and water. 


Drugs 


Estradiol benzoate, progesterone, and testosterone 
propionate (Steraloids), were dissolved in warm peanut oil 
and administered subcutaneously in 0.05 ml of the vehicle. 
The 8-hydroxy-2-(di-n-propylamino)tetralin HBr (8-OH 
DPAT, Research Biochemicals Inc.) was dissolved in warm 
saline and concentrations were adjusted such that all doses 
of the drug were delivered intraperitoneally in approximately 
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TABLE 1 


THE EFFECTS OF 8-OH DPAT ON THE SEXUAL BEHAVOR OF THE 
MALE RAT 





Behavioral Parameter 


Control 8-OH DPAT 





Mount 
latency 
Intromission 76.2 + 19.2 > £ te 
latency 
Ejaculation 
latency 

Post ejaculatory 
interval 
Mount ; 0.13 
frequency 

Intromission f+ QT 
frequency 

Intromissions prior ae 2 Qirz 
to ejaculation 

Copulatory ; 0.04 
efficiency 


33.7 + 6.0 20 5.06 


614.4 + 94.6 


331.4 + 17.4 





Values are means + S.E.M. All latencies and post ejaculatory 
intervals are in seconds; frequency scores are per minute; and 
copulatory efficiency scores are calculated from the formula I/I+ M, 
where I=number of intromissions and M=number of mounts pre- 
ceding ejaculation. 


0.3 ml of the solvent. Because bromide salts have long been 
known to depress central nervous system activity [15], a 
design was employed that controlled for any potential effects 
of bromide ions upon sexual behavior. NaBr was added pro- 
portionately to each drug and control solution such that 
every animal received a dose of 0.7 mg/kg Br~ with each 
treatment, regardless of the dose of 8-OH DPAT received. 
This amount of bromide ion approximated the amount deliv- 
ered with the highest dose of 8-OH DPAT. 


EXPERIMENT |! 


It has been hypothesized that the 5-HT, receptor 
mediates an inhibitory effect of serotonin on lordosis behav- 
ior, whereas the 5-HT, receptor mediates a facilitatory effect 
[20]. However, the existence of 5-HT,A and 5-HT,B recep- 
tor subtypes may necessitate revision of the hypothesis. To 
examine this possibility, the effect on lordosis of 8-OH 
DPAT, a 5-HT,A agonist, was assessed in estrogen-primed, 
ovariectomized rats. 


METHOD 


Females were divided into 7 groups of 10 animals, and 48 
hr prior to testing each animal received 10 ug of estradiol 
benzoate (EB). In our laboratory, this EB dose has been 
shown to produce moderately low levels of lordosis in con- 
trol animals, which would allow the evaluation of any poten- 
tial facilitatory or inhibitory effects of 8-OH DPAT. Thirty 
minutes before testing, each group of animals received in- 
traperitoneal administration of either 0.01, 0.03, 0.1, 0.3, 1, or 
3 mg/kg 8-OH DPAT, or the NaBr-saline vehicle. 


Testing of Lordosis Behavior 


The testing of lordosis behavior involved presentation of 
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an experimental female to a stud male rat in a cylindrical 
Pyrex testing arena measuring 45 cm in height, and 29 cm in 
diameter. Immediately prior to sessions with the experi- 
mental females, the stud males had been given brief access to 
females that had been made fully receptive by the adminis- 
tration of 10 wg EB 48 hr and 500 yg progesterone 4 hr 
earlier. Sessions were conducted 4-6 hr after commence- 
ment of the dark cycle. Each experimental female was 
placed with a single male until 10 mounts with pelvic thrust- 
ing had occurred. If a male would not mount, the female was 
placed in a different arena containing another male. A 
female’s response to a mount was considered a lordosis re- 
sponse if some degree of concavity of the back was ob- 
served. Lordosis quotients were calculated as the percentage 
of mounts with pelvic thrusting resulting in a lordosis re- 
sponse. 


RESULTS AND DISCUSSION 


As shown in Fig. 1, it is apparent that 8-OH DPAT treat- 
ment produced an inhibitory effect upon lordosis behavior, 
and that this inhibition was dose-dependent. An analysis of 
variance confirmed a significant effect of 8-OH DPAT dose, 
F(6,63)=19.31, p<0.0001. By subsequent use of the 
Newman-Keuls method of multiple comparisons, it was de- 
termined that the 0.01 mg/kg dose of 8-OH DPAT was inef- 
fective. Each dose greater than 0.01 mg/kg produced a signif- 
icant inhibition of lordosis behavior (p<0.05). 


EXPERIMENT 2 


In Experiment 1, 8-OH DPAT was found to inhibit lor- 
dosis behavior in the female rat. This finding is in marked 
contrast with the dramatic facilitation of sexual behavior re- 
ported in male rats following treatment with 8-OH DPAT [1, 
2, 3). Gender differences in the effects of drugs on sexual 
behavior are not unprecedented. For example, the dopamine 
receptor antagonist pimozide has been reported to inhibit 
male sexual behavior in male rats [17], but to facilitate lor- 
dosis behavior in females [8]. However, there is no a priori 
reason to expect gender differences in the effects of a 
5-HT,A agonist on sexual behavior. Perhaps our particular 
method of preparing the 8-OH DPAT solution contributed to 
the inhibition observed in females, and would have also 
produced an inhibition in males. To eliminate this possibility 
8-OH DPAT was prepared as before and the effect on sexual 
behavior in male rats was evaluated. 


METHOD 


Adult, sexually experienced male rats were randomly di- 
vided into two groups of 10 animals. Thirty minutes oefore 
testing, one group received | mg/kg of 8-OH DPAT, whereas 
the second group received the saline-NaBr vehicle. The 1 
mg/kg dose of 8-OH DPAT, which was found to inhibit lor- 
dosis behavior in Experiment 1, is well within a range of 
doses reported to facilitate sexual behavior in males [1]. 


Behavioral Testing 


Behavioral testing involved presentation of a stimulus 
female to an experimental male in a Pyrex testing arena. 
Sexual receptivity was induced in stimulus female rats by the 
administration of 10 wg EB 48 hr and 500 wg progesterone 4 
hr prior to testing. Females were rotated from male to male 
at 10 min intervals. 

Behavioral parameters recorded and analyzed included: 
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mount latency, i.e., time from presentation of the female to 
the first mount with pelvic thrusting; intromission latency, 
i.e., time from presentation to the first intromission; ejacula- 
tion latency, i.e., time from the first intromission to ejacula- 
tion; the number of intromissions prior to ejaculation; and 
post-ejaculatory interval, i.e., time from ejaculation to the 
next intromission. Furthermore, the number of mounts (M) 
and intromissions (I) occurring prior to ejaculation were used 
to calculate mount and intromission frequencies, and 
copulatory efficiencies, i.e., I/1 + M. Animals were tested 
for 1 hr, which permitted all subjects to progress through the 
complete behavioral sequence of mounting, intromission, 
ejaculation, and the first post-ejaculatory intromission. 


RESULTS AND DISCUSSION 


The data displayed in Table | clearly demonstrate that the 
administration of 8-OH DPAT produced a marked reduction 
in the ejaculation latency and in the number of intromissions 
prior to ejaculation. The effects of 8-OH DPAT on other 
behavioral measures were negligible. Statistical tests con- 
firmed a significant effect of 8~“OH DPAT on the ejaculation 
latency, #(18)=3.724, p<0.002, and the number of intromis- 
sions prior to ejaculation, #(18)=4.188, p<0.001. 

The results of Experiment 2 are entirely consistent with 
published reports on the effects of 8~OH DPAT on the sexual 
behavior of male rats [1, 2, 3]. In those reports, as well as in 
the present study, the reduction in ejaculation latency seems 
largely a function of the decline in the number of intromis- 
sions prior to ejaculation. 


EXPERIMENT 3 


In view of the results of the first two experiments, it 
would be of interest to determine what effects 8-OH DPAT 
might have upon the expression of male sexual behavior in 
females. Mounting with pelvic thrusting is a stereotypically 
male sexual behavior. However, female rats that have re- 
ceived acute treatment with estrogen, or estrogen and 
progesterone, will occasionally attempt to mount a sexually 
receptive female. Moreover, the expression of male sexual 
behavior in females can be enhanced by chronic treatment 
with testosterone [36]. 

If 8-OH DPAT inhibited male sexual behavior in females, 
as it was found to inhibit lordosis behavior in females in the 
first experiment, then the drug may have a gender-dependent 
and non-specific inhibitory effect on both male and female 
sexual behavior in females. However, if 8-OH DPAT 
facilitated male sexual behavior in females, as it was found to 
do in males in the second experiment, then 8-OH DPAT may 
act specifically to stimulate the neural substrate of male sex- 
ual behavior, regardless of gender. Such a result would also 
indicate that the inhibition of lordosis by 8-OH DPAT is a 
behavior-specific and not a gender-specific effect of the 
drug. Therefore, in Experiment 3 we evaluated the effect of 
8-OH DPAT upon the display of male sexual behavior in 
females that had been chronically treated with testosterone. 


METHOD 


Females were divided into 3 groups of 9 animals, and all 
animals received daily injections of 100 ug testosterone 
propionate (TP). On day 21 of TP treatment, the first group 
received 1 mg/kg of 8-OH DPAT, the second group received 
0.1 mg/kg 8-OH DPAT, and the third group received the 
saline-NaBr vehicle 30 min prior to behavioral testing. The 
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TABLE 2 


THE EFFECTS OF 8-OH DPAT ON THE EXPRESSION OF MALE SEXUAL BEHAVIOR BY 
OVARIECTOMIZED FEMALES CHRONICALLY ADMINISTERED 
TESTOSTERONE PROPIONATE 





Behavioral Parameter Control 


0.1 mg/kg 
8-OH DPAT 


1.0 mg/kg 
8-OH DPAT 





Number of animals 3 
mounting 
Number of animals 0 
intromitting 
Mount 
latency 
Intromission 
latency 
Mount 
frequency 
Intromission 
frequency 
Copulatory 
efficiency 


1312.89 + 206.0 


1800.00 + 0.00 


0.08 + 0.04 


0.00+ 0.00 


0.00+ 0.00 


8 


3 


579.11 + 236 


1287.22 + 256 


0.56 0.15 


0.02 


0.02 





Values are means + S.E.M. All latencies are in seconds; frequency scores are per minute; 
and copulatory efficiency scores are calculated from the formula I/I+M, where I=number of 
intromissions and M=number of mounts in 30 min. 


TP-treated females were placed in testing arenas and allowed 
10 min to habituate to the arena before presentation of re- 
ceptive stimulus females. The behavioral parameters 


analyzed were the number of animals mounting, the number 
of animals displaying intromission behavior, mount latency, 
intromission latency, mount frequency, intromission fre- 


quency, and copulatory efficiency. The display of male sex- 
ual behavior by each female was observed for 30 min and 
stimulus females were shifted at 10 min intervals. 


RESULTS AND DISCUSSION 


The data displayed in Table 2 show that the administra- 
tion of 8-OH DPAT enhanced the expression of male sexual 
behavior in females treated with testosterone. This facilita- 
tion was most apparent in the increased mount frequency, 
and in the number of animals showing mounting behavior. 
Treatment with 8-OH DPAT also produced a small, but no- 
table increase in the number of animals showing intromission 
behavior, and this was reflected to a small degree in the 
intromission latency and copulatory efficiency scores. 

The significance of the effects of 8-OH DPAT on the 
number of animals displaying mounting and intromitting be- 
havior was evaluated by a Chi square test. The differences in 
the number of mounting animals approached significance, 
x°(2)=5.83, p<0.0542. The other parameters were evaluated 
in separate analyses of variance for independent groups. 
8-OH DPAT was found to significantly increase the mount 
frequency, F(2,24)=3.39, p<0.05. However, subsequent use 
of the Newman-Keuls method did not reveal a dose depend- 
ent effect of 8-OH DPAT. 

Although 8-OH DPAT facilitates some components of 
male sexual behavior in both male (Experiment 2) and female 
rats (Experiment 3), the behavioral parameters showing 
statistical significance differed. This probably reflects differ- 
ences in baseline activity between control males and 
females. Whereas all of the control male rats ejaculated, in- 
tromitted, and mounted, none of the TP-treated control 


females displayed ejaculation or intromission behavior, and 
only 3 out of 9 mounted in the absence of 8-OH DPAT (Table 
2). Thus, it is not surprising that the mount frequency in- 
creased significantly in female but not male rats. A ceiling 
effect may have prevented a significant increase in this 
measure in male rats. On the other hand, the measures that 
were Statistically significant in male rats related to ejacula- 
tions, a response that was not observed in the female rats in 
Experiment 3. 

The data of Experiments 2 and 3 indicate that 8-OH 
DPAT facilitates some measures of male sexual behavior in 
both male and female rats, a finding inconsistent with motor 
deficits or nonspecific debilitation. Therefore, the inhibition 
of lordosis behavior observed in Experiment 1 suggests a 
differential effect of 8-OH DPAT on the neural substrates 
regulating male as opposed to female sexual behavior. 


GENERAL DISCUSSION 


In the present study, 8-OH DPAT was found to inhibit 
lordosis behavior in estrogen-primed females, but to 
facilitate the expression of male sexual behavior in males and 
in females treated with testosterone. Because 8-OH DPAT 
binds with high affinity to S-HT,A receptors, one conclusion 
that can be drawn from these data is that lordosis behavior is 
inhibited by activity at S-HT,A receptors, and that male sex- 
ual behavior is facilitated by activity at these receptors. 

A variety of 5-HT agonists, including LSD [8], N,N- 
dimethyltryptamine, and 5-methoxy-N,N-dimethyltryp- 
tamine [12], have been reported to inhibit lordosis behav- 
ior. A recent report indicates that LSD binds nonselec- 
tively to both S5-HT,A and 5-HT,B receptors [35]. 
The agonists 5-methoxy-N,N-dimethyltryptamine and 
N,N-dimethyltryptamine also bind to both 5-HT, receptor 
subtypes; although, with some selectivity for the 5-HT,A 
subtype [35]. These data are consistent with the possibility of 
an inhibitory effect of activity at S-HT,A receptors on lor- 
dosis behavior. 
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It is of interest to note that a number of the 5-HT, agonists 
that have been reported to inhibit lordosis, including LSD 
[8], N,N-dimethyltryptamine, 5-methoxy-N,N-dimethyl- 
tryptamine, and psilocybin [12] have also been reported to 
facilitate lordosis in estrogen-primed rats when adminis- 
tered in very low doses. These facilitatory effects of the 
5-HT agonists have been considered to be the result of 
presynaptic inhibition of serotonergic activity [8,12]. The 
possibility that 8-OH DPAT presynaptically inhibits sero- 
tonergic activity remains controversial. One group of au- 
thors has reported that 8-OH DPAT inhibits the de- 
polarization-induced release of ("H]5-HT from cortical tis- 
sue [14]; however, another group has found the drug to be 
inactive at autoreceptors [27]. In the present experiment, the 
only effects of 8-OH DPAT upon lordosis behavior were 
inhibitory. If presynaptic inhibition of serotonergic activity 
per se facilitates lordosis behavior, then the present data are 
consistent with the conclusion that 8-OH DPAT is inactive at 
autoreceptors. However, we note that lisuride, another 
highly selective 5-HT,A agonist (S. J. Peroutka, personal 
communication), has been reported to presynaptically inhibit 
serotonergic activity [32]. Moreover, like 8-OH DPAT, the 
only reported effects of lisuride upon lordosis behavior have 
been inhibitory [34]. It may be that the postsynaptic 
lordosis-inhibiting effects of these drugs are simply dominant 
over any presynaptic effects. 

Work in progress in our laboratory indicates that the 
5-HT agonist trifluoromethyl-phenyl-piperazine (TFMPP) 
facilitates lordosis in estrogen-primed females. TFMPP has 
been reported to bind selectively to 5-HT,B receptors [4,35], 
which are believed to mediate presynaptic inhibition of 
serotonergic activity [27]. Indeed, TFMPP attenuates the 
K*-induced release of serotonin from synaptosomes [18]. In 
view of these data, we wish to revise and extend the dual role 
hypothesis proposed by Mendelson and Gorzalka [20]. 
Whereas activity at 5-HT, receptors facilitates lordosis, it 
appears that activity at 5-HT, receptors can either inhibit or 
facilitate this behavior. We suggest that 5-HT,A receptors 
mediate inhibitory effects of 5-HT, whereas 5-HT,B recep- 
tors mediate through presynaptic inhibition some of the 
facilitatory effects of 5-HT on lordosis behavior. 

We have suggested that 8-OH DPAT inhibits lordosis be- 
havior by acting at 5-HT,A receptors. However, it has been 
reported that some effects of 8-OH DPAT are attenuated by 
the dopamine antagonist haloperidol and the a, adrenoceptor 
antagonist prazosin [39]. Thus, it could be that the inhibitory 
effects of 8-OH DPAT on lordosis behavior are mediated by 
dopaminergic or a, adrenergic mechanisms. The role of 
dopamine in the modulation of female sexual behavior re- 
mains controversial. For example, there are reports of lor- 
dosis facilitation following treatment with either the 
dopamine antagonist pimozide [8] or the dopamine agonist 
apomorphine [11]. In view of this controversy, the 
possibility of dopaminergic mediation of the inhibitory ef- 
fects of 8-OH DPAT on lordosis behavior cannot be ruled 
out. Similarly, the role of activity at a-adrenergic receptors 
in female sexual behavior remains ill-defined. In one case the 
central administration of the a-adrenergic blockers phen- 
tolamine or phenoxybenzamine was reported to facilitate 
lordosis in estrogen-primed females [10]. However, in an- 
other case the peripheral administration of phenoxyben- 
zamine or prazosin was reported to be ineffective in 
estrogen-primed females, and inhibitory in females treated 
with both estrogen and progesterone [9]. Notwithstanding 
the contradictions within the literature, the possibility re- 
mains that the effects of 8-OH DPAT on lordosis were 


mediated by an adrenergic system. 

Serotonergic activity has generally been considered to 
inhibit male sexual behavior [38]. However, the present and 
earlier studies on the effects of 8-OH DPAT suggest that the 
stimulation of 5-HT,A receptors may enhance sexual behav- 
ior in males. In addition to the 8-OH DPAT results, there is 
other evidence inconsistent with simple serotonergic inhibi- 
tion of male sexual behavior. For example, lisuride has also 
been reported to facilitate male sexual behavior [3]. Indeed, 
a recent analysis of drug binding characteristics appears to 
confirm that 5-HT,A agonist activity is a common factor 
among a variety of drugs known either to reduce ejaculation 
latency, or to increase the number of spontaneous ejacula- 
tions [16]. 

The recent observation of the inhibitory effects of the 
5-HT,-selective antagonists pirenperone and ketanserin on 
male sexual behavior suggests a facilitatory role for 5-HT 
mediated by 5-HT, receptors [19]. The report that piren- 
perone, ketanserin, and several less selective 5-HT antag- 
onists attenuate the effect of the 5-HT releasing agent 
p-chloroamphetamine in inducing ejaculation in rats [31] is 
consistent with our hypothesis. However, the recent report 
of the failure of pirenperone to attenuate the facilitatory ef- 
fects of 8-OH DPAT [2] indicates that the effects of 8-OH 
DPAT are not mediated by 5-HT, receptors. Indeed, the fact 
that 8-OH DPAT facilitated sexual behavior in the presence 
of pirenperone suggests that 8-OH DPAT attenuated the in- 
hibitory effect of 5-HT,-receptor blockade. It could be that 
5-HT,A and 5-HT, receptors exist in parallel systems, and 
the facilitatory effects of 5-HT,A stimulation are simply 
more dominant that the inhibitory effects of S-HT, receptor 
blockade. 

Evidence indicates that the activation of either 5-HT,A 
[1, 2, 3] or 5-HT, [19] receptors facilitates male sexual behav- 
ior. Thus, if there is indeed an inhibitory component of 
serotonergic activity in male sexual behavior [38], then its 
effects are likely to be mediated by a population of receptors 
other than those of the 5-HT,A or 5-HT, subtypes. We 
suggest that the apparent inhibitory effects of serotonin may 
be mediated by 5-HT,B receptors, by the recently recog- 
nized 5-HT,C receptors [28], or by an hitherto unidentified 
subtype of serotonin receptors. 

Adrenergic systems have not generally been thought to 
serve any specific role in the modulation of male sexual be- 
havior. However, the recent report of facilitatory effects of 
the adrenergic autoreceptor antagonist yohimbine suggests 
that adrenergic systems may facilitate this behavior [5]. Thus 
the possibility exists that the facilitation of male sexual be- 
havior by 8-OH DPAT may be at least partially mediated by 
an adrenergic system. However, it is unlikely that the 
facilitatory effects of 8-OH DPAT on male sexual behavior 
could have been mediated by a dopaminergic system. It has 
been reported that haloperidol does not prevent the facilita- 
tion of male sexual behavior by 8-OH DPAT [3]. 

In summary, the SHT,A selective agonist 8-OH DPAT 
was found to inhibit lordosis behavior, but to facilitate the 
expression of male sexual behavior in males and in females 
treated with testosterone. These data indicate differential in- 
volvement of 5-HT,A receptors in female and male sexual 
behavior. In view of these and other recent data, it can be 
concluded that activity at 5-HT, receptors facilitates, 
whereas activity at 5-HT, receptors may either facilitate or 
inhibit lordosis behavior. Furthermore, it is proposed that 
5-HT,A receptors mediate the inhibitory effects, whereas 
5-HT,B receptors mediate presynaptic, facilitatory effects of 
serotonin. 
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HILL, W. L., C. ROVEE-COLLIER, G. COLLIER AND L. WASSERLOOS. Time budgets in growing chicks. 
PHYSIOL BEHAV 37(2) 353-360, 1986.—The manner in which rapidly growing chicks distribute their time among diurnal 
activities was measured in two studies in which the amount of available light was varied to match seasonal extremes. The 
effectiveness of the chick’s time budgets was assessed in terms of the impact on growth. In Experiment 1, 24-hr patterns of 
feeding, drinking, nesting, and wheel-running were recorded during successive photoperiods with 12, 6, 18, and 12 hr of 
light when access to a social partner was concurrently available. In Experiment 2, access to a social partner was an 
exclusive activity. In both studies, chicks’ 24-hr behavioral patterns in response to temporal constraints on their diurnal 
activities were surprisingly plastic, permitting them to defend a normal and high rate of growth. This was accomplished by 
changes in feeding rate and by nocturnal feeding rather than by systematic elimination of other diurnal activities. When 
sociality and feeding were competing activities, feeding time decreased and feeding rate increased such that contact with a 
conspecific as well as rapid growth were defended. The absolute amount of time spent in measured activities was invariant 
within subjects irrespective of age, photoperiod, or the number and type of activities recorded, providing evidence of time 
budgets in immature organisms. In both studies, buffer time (the amount of time spent in no activity) emerged as a 


significant aspect of the daily time budget that is defended through a variety of environmental challenges. 
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Growth 


Time budgets 
Food availability 


Photoperiod 
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IN order to survive and reproduce, animals must allocate 
their time among a variety of activities. For birds, these 
behaviors include feeding, nesting, preening, parental care 
and territorial defense, in addition to those activities im- 
mediately associated with reproduction. It is likely that even 
small differences in how an individual budgets its time can 
influence reproductive success [16,18]. Thus, the allocation 
of time among conflicting activities and the resulting pattern 
of activities have important evolutionary consequences [17]. 

To date, this problem has been studied exclusively in 
adults. Yet, selection pressures operate at all points in on- 
togeny, and Adolph [1] has proposed that they may be 
stronger in the very young. If so, then the problem of time 
budgets should also be important prior to reproductive 
maturity. Chicks, for example, must complete many of the 
same activities as adult fowl. Because their primary ‘‘prob- 
lem’’ is rapid growth, however, it is not surprising that a 
considerable percentage of their time is spent feeding [23]. 
Many of their other activities are indirectly related to 
growth, including voluntary exercise, which has been linked 
to the efficiency of food utilization [5], and nesting, which 
conserves energy. An immediate consequence of failing to 
partition their time optimally is growth retardation. 

The present study was designed to explore time budgets 
of young chicks during a period of rapid growth. To this end, 
we manipulated the temporal framework within which their 





daily activities are organized. Although feeding, drinking, 
locomotor activity, and predation defense behaviors vary in 
circadian fashion in both adult birds [2, 3, 13, 14] and young 
chicks [22,24], they are also readily entrained by the photo- 
period. Many of the familiar cyclical behaviors of adult birds 
that occur seasonally (e.g., migration, reproduction) are 
coupled with periods of intense feeding. Food availability is, 
in turn, determined in large part by seasonal variations in the 
length of day. In the present study, we asked whether and 
how the time budgets of diurnally-feeding, immature chicks 
reflect daily photoperiods that correspond to seasonal ex- 
tremes encountered in nature. When food availability is re- 
stricted or expanded by decreases or increases in the light 
phase of the photoperiod relative to a standard laboratory 
regimen (LD 12:12), are all typical diurnal activities affected 
equally in a manner consistent with the corresponding re- 
duction or increase in food availability? Or do chicks exhibit 
behavioral priorities, spending more time engaging in some 
activities than in others? The adequacy of a given time 
budget was measured in terms of its effect on growth. 


EXPERIMENT | 


Chicks require a large daily caloric intake. When reared in 
continuous light, they spend 6 hr per day feeding [23]. Their 
intake requirement in continuous light sets the upper limit on 
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FIG. 1. Diagram of the apparatus used in Experiment 1 showing the 
locations of the 4 measured activity areas. 
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FIG. 2. An event tape showing the pattern of activities of subject 1 over 3 fifteen-minute periods on day 14 (LD 12:12). Pen deflections on 
adjacent channels indicate the duration of episodes of running (R), nesting (N), feeding (F), and drinking (D). Deflections occurring at intervals 


less than 3 min were scored as occurring within a single episode. 


feeding time required for normal growth in that energetic 
expenditure is also greatest in continuous light. If chicks 
were adapted to a 12-hr photoperiod and then shifted to an 
LD 6:18 photoperiod, they would have sufficient time to feed 
and maintain their high rate of growth if they eliminated all 
other activities and fed exclusively during the period of 
available light. However, if nonfeeding behaviors are also of 
survival value, then the exclusion of these activities from the 
time budget could pose a serious biological challenge. Alter- 
natively, chicks could feed more rapidly during the light 
phase and maintain some or all of their normal diurnal ac- 
tivities. If the light phase were then expanded to another 
seasonal extreme (LD 18:6), their time budgets would 
presumably be readjusted and, perhaps, behaviors would 
also become expansive [25]. 

In the first experiment, we investigated the distribution of 
activities of chicks reared successively on 4 light:dark (LD) 
schedules: LD 12:12, 6:18, 18:6, and 12:12. Although chicks 
typically engage in a number of behaviors on a daily basis, 
we focused on those most prominent during the first 
posthatch week: feeding, drinking, nesting, and locomotor 
activity. Wheel-running was used as a measure of the high 
level of locomotor activity typically seen in young animals 
[22,24]. No empirically substantiated account of the biologi- 


cal significance of this behavior is available [5,8]. Because 
chicks exhibit photoperiod-keyed feeding [23] and activity 
[24] by the end of the second posthatch week, the original 
LD 12:12 regimen was maintained for the first 2 weeks. 
Thereafter, we halved their diurnal feeding time (6L) and 
then tripled it (18L) for periods of 8 days each, before 
reinstating the original baseline photoperiod (LD 12:12). 


METHOD 
Subjects and Apparatus 


Subjects were 7 White Leghorn chicks obtained locally 
(Shamrock Farms, East Brunswick, NJ) on the day of hatch 
in 2 replications. An eighth chick who injured its foot during 
the second week of the second replication and could not run 
was eliminated from the study. Chicks were placed in sepa- 
rate but adjacent living cages, 2 per shelf, during the light 
portion of a 12-hr photoperiod (light onset=0800 hr) and 
were disturbed thereafter only between 8:00 and 8:15 a.m. 
daily for routine maintenance. Because a maintenance 
period is always followed by a large meal irrespective of 
when it occurs [6, 12, 24], we introduced the maintenance at 
light onset, when laboratory-reared chicks normally con- 
sume a large meal [6,22], in order to minimize disturbance of 
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TABLE 1 


MEAN MEAL FREQUENCY/DAY OF SEVEN CHICKS REARED FOR 34 DAYS ON FOUR 
LIGHTING REGIMENS (EXPERIMENT 1) 





Light Cycle 


Subject Number 





LD 12:12 
Total 
Light 
Dark 


LD 6:18 
Total 
Light 
Dark 

LD 18:6 
Total 
Light 
Dark 


LD 12:12 
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Dark 
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FIG. 3. Growth curves (body weight over 34 posthatch days) of 7 
chicks in Exp. 1. Chicks were reared in 4 different photoperiods 
during this developmental period. 


their typical daily pattern of activities. All subjects had 24-hr 
ad lib access to Agway chick starter, water, a nest bowl, and 
a standard Wahmann rat running wheel and could see and 
hear their neighbor. 

Their living quarters (see Fig. 1) were outfitted to provide 
continuous records of running (tripping a microswitch with 
each rotation of the wheel), eating (a photocell break), drink- 
ing (a photocell break), and nesting (depression of a mi- 
croswitch while a chick was in the nest). All activities were 
recorded on a multi-channel Esterline-Angus event recorder. 
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FIG. 4. The mean percent of total-time-spent-in-measured-activities 
that the 7 chicks in Experiment | allocated to nesting (N), feeding 
(F), wheel-running (R), and drinking (D) within each of the four 
successive photoperiods in which chicks were reared over the first 
34 posthatch days. The percent-total-activity time spent on all ac- 
tivities within each photoperiod condition equals 100%. 


Procedure 


An LD 12:12 photoperiod was in effect for the first 14 
days. At the beginning of Day 15, the lights came on as usual 
but went off 6 hr later, providing an LD 6:18 photoperiod 
which lasted through Day 22. On the morning of Day 23, an 
LD 18:6 photoperiod was instituted, with lights going on at 
8:00 a.m. as usual but now terminating 18 hr later. Birds 
were maintained on this schedule for another 8 days, through 
Day 30, at which time the original 12-hr photoperiod was 
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FIG. 5. The mean total number of min per day that each chick in 
Experiment | (left panel; N=7) and Experiment 2 (right panel; N =6) 
spent engaging in one of 4 (Experiment 1) or 5 (Experiment 2) meas- 
ured activities during successive photoperiods. Note that 
intrasubject variability across photoperiods was less than intersub- 
ject variability within photoperiods and that access to a social part- 
ner (Experiment 2) decreased intersubject variability. 


reinstated for 4 more days, after which the study was termi- 
nated. All behavioral data were compiled from the 
Esterline-Angus tapes (see Fig. 2). A bout of any activity 
was defined as occurring when at least 3 consecutive min of 
no activity followed the last photocell break or microswitch 
activation. The calculations for bout time did not include the 
3-min no-activity criterion period. We have previously ob- 
tained high correlations between photocell breaks and corre- 
sponding measures of food and water intake and between 
microswitch trips and wheel turns (e.g., [24]). 


RESULTS AND DISCUSSION 


For growing chicks, reduction of the photoperiod to only 
6 hr created an acute challenge to their established distribu- 
tion of activities. All chicks responded to the restriction in 
the length of day by feeding at night (see Table 1), even 
though ample time was available in the light phase to com- 
plete feeding. About half of their meals were taken during the 
dark in the LD 6:18 photoperiod, whereas few or no meals 
were taken in the dark during the other lighting regimes. Yet, 
food intake and body weight (see Fig. 3) increased steadily 
over all lighting conditions, and growth continued to fall on 
the normal growth curve of chicks continuously reared on an 
LD 12:12 schedule [23]. 

Meal frequencies (see Table 1) differed significantly 
across photoperiods, F(3,18)=4.42, p<0.05. Post hoc 
analyses revealed that this was due to an increase in meal 
frequency during the LD 18:6 cycle (Scheffe test, p<0.05); in 
the other three phases of the experiment, meal frequencies 
were equivalent. Although meal frequency increased in the 
longer light phase, meal duration did not vary across photo- 
periods, averaging 10.9 min (S.D.=5.2). There was no signif- 
icant difference in the duration of meals taken in the light and 
dark during the LD 6:18 photoperiod, although there was a 
trend (p<0.08) for meals to be shorter at night (M=8.34 min; 
S.D.=4.9) than in the day (M=11.2 min; S.D.=5.0). Feeding 
rate (g/min) increased linearly across the 4 photoperiods, 
F(3,18)=5.76, p<0.01. Thus, birds met the challenge of an 
increased food requirement due to their larger size by eating 
faster rather than by taking more meals or longer meals. It 
has similarly been reported that meal frequencies remain in- 
variant while feeding rate increases with age in free-feeding, 
developing guinea pigs reared in a constant photoperiod [12]. 
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Nesting and feeding together occupied the greatest per- 
centage of the chicks’ total activity in all lighting conditions 
(see Fig. 4). Over the 4 lighting regimes, however, the per- 
centage of time spent nesting declined and that of feeding 
increased irrespective of the amount of available light, re- 
flecting the added intake requirement of larger birds. Al- 
though drinking and food intake increased, running declined 
to zero by 4 weeks of age. This result corresponds with other 
findings that wheel-running by chicks declines over the first 
3 posthatch weeks [9,24]. Because the absolute amount time 
spent engaging in each of the measured activities changed 
linearly, this overall pattern appeared to be a developmental 
trend rather than an artifact of the particular lighting condi- 
tions, which decreased and increased and then decreased 
again over the same developmental period. 

As chicks spent more time feeding, they spent less time 
running and nesting, but the total number of min per day 
during which each subject engaged in one or the other of 
these activities remained constant across all lighting regimes 
(see Fig. 5). This was particularly remarkable because the 
animals did not have to divide their daily time among the 
measured activities only, and the time spent in each particu- 
lar activity changed with age. Chicks could and did engage in 
a variety of activities which were unmeasured, such as preen- 
ing, distributing the nest material, going in and out of the 
wheel, vocalizing, socializing through the cage sides, peck- 
ing at the floor, etc. Because chicks performed many of these 
activities concurrently (e.g., running and eating), the actual 
time spent in all measured activities was far less than the 
total time available per day (1440 min). Notably, the varia- 
bility in total time investment per day was much greater 
between chicks than it was from day to day for a given chick. 
This consistency within subjects supports the notion of a 
total time budget, i.e., the amount of time an animal spends 
is constant, and the animal simply distributes its time in 
different ways among different activities. Our first study of- 
fered particularly strong evidence for time budgets in imma- 
ture chicks in that altered lighting regimes mimicking sea- 
sonal extremes did not influence their total activity invest- 
ment but only the amount of time invested in particular be- 
haviors without affecting growth. 

Chicks exhibited considerable plasticity in achieving this 
temporal constancy and normal growth, deploying a number 
of characteristic strategies in response to the different tem- 
poral constraints on food availability. The daily activity pat- 
terns of 2 birds during each photoperiod illustrate this. Sub- 
ject 1 (see Fig. 6) nested during the night but interrupted 
nesting during the LD 6:18 phase to feed periodically in the 
beginning and ending stages of the dark phase. Running was 
a consistent behavior during the first LD 12:12 period but 
declined across photoperiods until it was eliminated from the 
bird’s behavioral repertoire. Subjeci 2 (see Fig. 7) increased 
its frequency of nocturnal meals during the LD 6:18 cycle 
and fed at a consistent rate per hr throughout the dark phase. 
This subject continued to feed at night even when the light 
phase of the photoperiod was increased to allow more day- 
light feeding time (LD 18:6, 12:12). However, the diurnal 
wheel-running of subject 2 became more expansive during 
the LD 18:6 cycle. The continued nocturnal feeding behav- 
ior, either singly or in combination with its diurnal exercise, 
contributed to the unusually rapid growth of subject 2, who 
was one of the heaviest birds by the end of the study (see Fig. 
3). Persistent nocturnal feeding also accounted for the rapid 
growth of subjects 5 and 7. 
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FIG. 6. A representative daily activity pattern of subject 1 in Exper- 
iment 1 in each of the 4 photoperiod conditions. Shaded areas corre- 
spond to the dark phase of the photoperiod. 


FIG. 7. A representative daily activity pattern of subject 2 in Exper- 


iment | across each of the 4 photoperiod conditions. Shaded areas 
correspond to the dark phase of the photoperiod. 















































FIG. 8. Diagram of the apparatus used in Experiment 2 showing the 
locations of the 6 measured activity areas. 
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FIG. 10. The mean percent of total-time-spent-in-measured- 
activities that the 6 chicks in Experiment 2 allocated to socializing 
(S), feeding (F), drinking (D), and nesting (N) in each of 3 successive 
photoperiod rearing conditions (LD 12:12, 6:18, 12:12) over the first 
42 posthatch days. Wheel-running and roosting were also measured, 
but chicks allocated no time to these activities. The percent-total- 


activity time spent on all activities in each photoperiod condition 
equals 100%. 


EXPERIMENT 2 


In the second study we examined the time budgets of 
chicks presented with the opportunity to engage in two addi- 
tional activities—socializing and roosting. Given the extreme 
sociality of domestic chicks [11,19] and its importance in 
predation defense [4], we hypothesized that the addition of 
an opportunity to engage in social activity would affect the 
amount of time invested in the other measured behaviors. In 
the first study chicks could see their neighbor from any part 
of their cage. Thus while it was not a measured activity, it 
was also not an exclusive activity and did not require a spe- 
cific allocation from the time budget. Because of its putative 
importance, we arranged the living quarters so that sociality 
would have to be an exclusive activity. In this way, we 
hoped to determine whether chicks would defend the time 
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FIG. 9. Mean body weight (g) of the 6 chicks in Experiment 2 (closed 
circles) over 40 posthatch days compared with the mean body 
weights of 7 same-age chicks in Experiment | (open circles) over 34 
posthatch days. Chicks in Experiment 2 were successively reared in 
LD 12:12, 6:18, and 12:12 as indicated. Chicks in Experiment | were 
also reared in LD 12:12 through day 14; thereafter, although the 
photoperiods in which the 2 groups were reared differed radically, 
their growth curves did not (cf. Fig. 3). 


allocated to feeding when unable to engage in it simulta- 
neously with socializing. It should be noted that, in this pro- 
cedure, socializing did not serve a thermoregulatory func- 
tion. By 14-15 days of age, chicks are physiologically ther- 
moregulating efficiently. By waiting until after this time to 
switch photoperiods, we endeavored to eliminate this as an 
influence on social behavior. 


METHOD 
Subjects and Apparatus 


Six White Leghorn chicks, obtained as before on the day 
of hatch, were subjects. Six additional chicks from the same 
hatch were used as their social partners. Once in their living 
cages, the birds were disturbed thereafter only between 
11:00-11:15 a.m. (light onset=1100 hr) for routine mainte- 
nance. As before, all subjects were maintained ad lib on 
Agway chick starter and water. 

Three Hoeltge (Cincinnati, OH) HB-101-1 dog metabo- 
lism cages (58.75 8057.5 mm) were modified to house the 
subjects (see Fig. 8). These were arranged so that chicks 
could not view a conspecific in a neighboring cage. In addi- 
tion to the 4 activities measured in Experiment 1, socializing 
and roosting were now available. Attached to the front of the 
home cage was the social area, which consisted of a Plexiglas 
box and a Hoeltge HB-12M cage that housed the conspecific. 
A roosting bar was mounted on the wall at the back of the 
cage, but chicks did not use it. Thus, chicks actually engaged 
in 5 measured activities. 

A multi-channel Esterline-Angus recorder automatically 
marked the episodes of each activity according to the defini- 
tions described in Experiment 1. Socializing and roosting 
were determined by photocell breaks. All activities were 
again freely available throughout the study. 


Procedure 


For the first 22 days, chicks were maintained on an LD 





TIME BUDGETS 


12:12 photoperiod. On the morning of Day 23, an LD 6:18 
photoperiod was instituted and remained in effect for 12 
days. On day 35, the LD 12:12 schedule was reinstated for 7 
days, after which time the study was terminated. This proce- 
dure was followed twice using 3 subjects on each occasion. 

All behavioral data were compiled as before from 
Esterline-Angus tapes. Meal times and other measured ac- 
tivities were calculated as before. 


RESULTS AND DISCUSSION 


Body weight (see Fig. 9) and food intake increased mono- 
tonically over the lighting regimes as before. As in Experi- 
ment 1, shortening the light phase during the LD 6:18 
schedule resulted in feeding at night even though chicks had 
been on the LD 12:12 lighting regimen for twice as long and 
were well-entrained to their original light cycle. 

Socializing occupied nearly 80% of each 24-hr period and 
was invariant across the lighting schedules (see Fig. 10). The 
fact that chicks were found in the social area at the outset of 
the maintenance period immediately following light onset 
suggests that they used the social area for nesting. This ac- 
counts for the low frequency of measured nesting behavior 
relative to that of Experiment 1. Notably absent from the 
birds’ behavior was running, which occurred only sporadi- 
cally. However, chicks in Experiment 2 were also at an age 
when running is less prominent in the repertoire. In contrast 
to Experiment 1, when feeding accounted for 30-50% of the 
daily activity budget, feeding in Experiment 2 occupied only 
15% of the chicks’ time in spite of their greater intake re- 
quirement. Even with the reduction in percent time-spent- 
feeding, however, growth and food intake of chicks at corre- 
sponding ages in the 2 experiments were the same (see Fig. 
9). Chicks in Experiment 2 accomplished this by eating twice 
as fast (M=0.23 g/min) as chicks in Experiment 1 (M=0.118 
g/min). Thus, when feeding time was pitted against social 
time, chicks increased their rate of intake and maximized the 
time spent in the presence of a conspecific without sacrific- 
ing growth. 

In spite of the addition of socializing, the total number of 
min per day that each subject spent engaging in a measured 
activity was constant across the lighting regimes (cf. Fig. 5) 
and was the same as that of chicks in Experiment 1. Although 
chicks again distributed their activities in an individually 
characteristic manner, the total amount of time that each 
chick was involved in a measured activity was again constant 
within subjects in spite of dramatic changes in the lighting 
schedule. The addition of the social partner reduced inter- 
subject variation relative to that of Experiment 1, reflecting 
the experimental requirement that socializing be an exclusive 
activity. 


GENERAL DISCUSSION 


Chicks met environmental challenges to growth with a 
flexible time budget in spite of extreme shifts in the daily 
photoperiod, changing food requirements, different numbers 
of activities, and different constraints on those activities. In 
both studies, all chicks grew normally and maintained nor- 
mal levels of food intake over shifts in the photoperiod that 
radically altered the diurnal availability of food and other 
diurnal activities. This was accomplished by changes in feed- 
ing rate and by nocturnal feeding rather than by systematic 
elimination of other diurnal activities. Every chick re- 
sponded to the restricted light period by feeding nocturnally, 
although the extent and timing of this varied from chick to 
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chick. This flexibility is consistent with personal observa- 
tions (CRC) that free-ranging adult White Leghorns forage 
several hours prior to dawn in the winter months when day- 
light hours are short. The data are also consistent with the 
finding that chicks, presented with either an inadequate diet 
or no food at all during the day, either supplement their diet 
or feed exclusively at night, respectively, if an adequate diet 
is available then [22]. In the present study, it was not neces- 
sary for chicks to feed at night. More than enough time was 
available for diurnal feeding even in the most restricted in- 
stance (6L) if chicks either gave up other activities or 
engaged in them concurrently with feeding. That they con- 
tinued to include all activities in their time budgets suggests 
that these activities are also biologically significant. 

Although chicks are highly social, the great amount of 
time devoted exclusively to sociality was unexpected. In 
Experiment 1, chicks could be in visual and auditory contact 
with a conspecific in an adjacent cage while simultaneously 
engaging in measured activities. In Experiment 2, when so- 
ciality became a mutually exclusive activity, sociality was 
included as the most significant aspect of the time budget. 
Not only was the time allocated to sociality during Experi- 
ment 2 defended at a high level over all changes in photo- 
period, but this was accomplished while growth was also 
defended. The latter was achieved by a sharp increase in 
feeding rate. A change in feeding rate is a characteristic 
strategy of highly social species [7,10] when access to food is 
challenged by competition for food resources. The present 
findings indicate that changing the rate of eating appears to 
be a general strategy that can be deployed when the time 
available to feed is restricted for any reason, including the 
availability of other biologically significant resources. 

In nature, part of an animal’s day may be spent ‘‘loafing”’ 
or in essentially nondirected activity. This period of no ac- 
tivity may be a buffer which is adjusted according to the 
demands faced by the animal [17]. Wilson [25] has proposed 
that in times of stringency, nonessential activities drop out of 
the behavioral repertoire, while in times of abundance, be- 
haviors become expansive. The present results, however, 
indicate that a period of nonactivity buffer time is also 
defended—even when constraints limit the opportunity to 
engage in so-called survival activities. In Experiment 2, for 
example, chicks maintained high levels of social behavior by 
decreasing the time spent feeding and in their nest bowls 
rather than decreasing the amount of nonactivity, which re- 
mained invariant. Buffer time itself may have an adaptive 
function which has previously been overlooked. 

Finally, the variety of adjustments deployed in the face of 
decreased diurnal access to food confirms that chicks’ be- 
havioral time budgets are not fixed or stereotyped but are 
highly malleable. In each instance, their various combina- 
tions of activities yielded simultaneous solutions to the prob- 
lem of restricted diurnal access to food (Experiment 1) in 
combination with restricted access to a conspecific in addi- 
tion to food (Experiment 2). These solutions resulted in 
maintenance of adequate intake and defended a rapid and 
stable rate of growth in the face of these various challenges. 
These results verify that characteristic patterns of behavior 
(for example, the frequency, size, duration, and distribution 
in time of bouts of behavior) cannot be established in the 
conventional single-activity environment [6,15]. Patterns of 
behavior are cost/benefit strategies which maximize adaptive 
behavior in different environments and which vary from 
environment to environment. 
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KRESTEL-RICKERT, D. H., C. A. BAILE AND F. C. BUONOMO. Changes in insulin, glucose and GH concentrations 
in fed chickens. PHYSIOL BEHAV 37(2) 361-363, 1986.—The concentrations of insulin, glucose and growth hormone 
were examined in chickens during the fed and fasted states. In broiler chickens between 5 and 7 weeks of age, blood 
samples were drawn at intervals which reflected fed (—4 hr), fasted (+0 min) and post meal states (+ 15 min, immediately 
after a 15 min meal (and +30 min). Plasma was assayed using a chicken insulin standard in a heterologous RIA. Overall 
insulin averages, reflecting averaged values for 10 birds/day and 5 replications revealed a decrease with fasting and an 
increase post-meal. Insulin levels returned to pre-fasted concentrations within 15 min of meal termination. Changes in 
glucose concentrations correlated with those of insulin with the exception of the +30 min period. When insulin levels were 
observed in chickens where no food was consumed, insulin levels at +0 and +15 min were not different. No difference in 
GH concentration occurred at —4 hr, +0 or +15 min but the +30 min value increased (p<0.05). 


Insulin Glucose Growth hormone 


Chicken 


Feeding 


Fasting 





MAMMALS have often been the model for endocrine and 
autonomic reflex responses induced by ingestion of a meal or 
a state of fasting. During the last decade such responses have 
also been investigated using chickens. Well known differ- 
ences exist in the endocrine regulation of lipid and carbohy- 
drate metabolism between birds and mammals [17]. In com- 
parison to humans, fasting plasma glucose levels are approx- 
imately two to three fold higher in the chicken [13]. In vivo 
studies with chickens and ducks, using mammalian insulin 
radioimmunoassay (RIA), have not revealed detectable 
changes in plasma insulin after a 72 hour starvation period 
despite concurrent declines in blood glucose and elevated 
free fatty acid levels [11,15]. When chickens are subjected to 
glucose loading or infusion a significant insulin response has 
been noted [10, 17, 18], however the amount of glucose re- 
quired for such a response exceeds physiological levels (e.g., 
greater than 350 mg/dl). 

In the fed state, studies have indicated that a close rela- 
tionship exists between food intake and insulin secretion [19] 
as well as the necessity of hyperinsulinemia in the mainte- 
nance of hypothalamic hyperphagia in chickens and rats [4, 
5, 19]. Changes in plasma growth hormone (GH) concentra- 
tion have also been reported to be associated with fasting or 
feeding but limited information exists on these changes in the 
chicken in the fed state. Starvation for periods up to 48 hours 
result in increased plasma GH concentration while glucose 
levels are depressed in the chicken [6,7]. When fasted for 48 
hours the release of GH was suppressed when glucose (2500 
mg/kg) and insulin were administered in these birds [6]. 

The purpose of this study is to provide additional data on 
the changes that occur in deprived and fed states in the 
chicken. We report changes which occurred in insulin, glu- 





cose and GH concentrations after only a four-hour fast and a 
fifteen minute period of feeding. 


METHOD 


Animals 


Ten two-day-old chicks (Gallus domesticus; Hubbard x 
Hubbard, Fairview Farms, Remington, IN) were wing 
tagged and distributed into two groups of five birds each. 
Chicks were housed in standard brooder cages under con- 
trolled light (23 L:1 D, weeks 0-3; 18 L:6 D, weeks 4-7) and 
temperature. Water and food, a commercial chick diet, were 
available ad lib. 


Apparatus 


Each experimental cage which housed the birds was con- 
figured so that movement within the cage was restricted. A 
wire screen confined the animal so that it was facing the front 
of the cage. This limited area allowed only for the food bin 
with water being unavailable for the fifteen-minute test 
period. The diet presented during the test phase was the 
same as that available in the home cage. 


Adaptation 


Prior to the onset of the experiment birds were adapted to 
the feeding and testing chamber. At three weeks of age 
chicks were deprived of food overnight in their home cage, 
then allowed free access to feed in the experimental cage for 
approximately eight hours. Afterward, chicks were returned 
to their home cage. This adaptation procedure continued for 
two days. For the next five days, birds were food deprived 
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FiG. 1. A decrease in insulin levels resulted after a four hour fast 
and increased after feeding (time 15 and 30 min). Levels at times 
—240, 0 and 15 min are all significantly different from one another 
(p<0.01). Levels at time 30 are only different from those at 0 and 15 
min. (n=10; 5 replications). 


overnight and allowed access to food for only one hour in the 
experimental cage. The final four days of adaptation con- 
sisted of only a 15 minute food presentation after four hours 
of food deprivation. This period of time allows some passage 
of food through the crop after eating. Four hours of food 
deprivation will serve as a short fast. Radiographic studies 
have revealed that dyes, e.g., chromic oxide, impregnated in 
food can be detected in the excreta of chickens as early as 
2.5 hours after feeding [3] and 50 percent of the food eaten is 
excreted within 4 to 5 hours [9]. 

In addition, during these last four adaptation days chicks 


were bled prior to and following food presentation, serving 
only as an adaptation to blood draws. 


Test Phase 


Blood was collected at four time periods over the five 
days of testing. Each day’s first sample was drawn at 8:30 
a.m. (—4 hr) reflecting the fed state since birds had access to 
food overnight. Plasma was collected and frozen at —20°C 
until assayed. Food was then removed for four hours after 
which a second blood sample was drawn (0 min) reflecting a 
fasted state. Chicks were then placed in experimental cages 
and allowed access to food for 15 min. The third blood sam- 
ple was drawn at the end of this 15 min period (+15 min; 
12:45 hr) and a fourth drawn 15 minutes later (+30 min; 13:00 
hr). 

Two ml of blood were drawn from the brachial vein of 
alternate wings for each sample and collected in EDTA 
tubes. Plasma was drawn off and stored at —20°C until as- 
sayed for plasma insulin, GH and glucose levels. Plasma was 
assayed using a chicken insulin standard (Litron Labs, 50 
IU/mg) in a heterologous RIA using an anti-porcine insulin 
antibody. Recovery of chicken insulin ranged from 98% to 
105% and serial dilutions of chicken plasma were parallel to 
the standard curve. Plasma GH concentration was measured 
in a homologous RIA [6]. The range of the chicken growth 
hormone standard curve was 3.9 to 500 ng/mi using rabbit 
anti-chicken GH obtained from Colin Scanes. The im- 
munological activity and sequence of this standard (90% 
pure) was identical to those of Harvey and Scanes [6]. Glu- 
cose levels were determined with a standard colormetric glu- 
cose oxidase assay (Sigma Chemical Co.). 

Analysis of variance and Duncan’s Multiple Range Test 
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FIG. 2 Glucose concentrations decreased after a four hour fast and 
increased after feeding. Concentrations at time 15 and 30 min are not 
different but all other concentrations are different from one another. 
(n=10; 5 replications). 


were used to analyze data. The analysis utilized the mean 
response values of 10 chickens over 5 trials for each of the 
four bleeding times. 


RESULTS 
Variations in Insulin Levels 


Overall insulin averages, reflecting values for 10 birds per 
day across five test days, were 1.04+0.16 ng/ml at —4 hours, 
0.52+0.3 ng/ml at 0 min, 2.26+0.21 ng/ml at +15 min and 
1.26+0.18 ng/ml at +30 min. Insulin levels decreased signifi- 
cantly as a result of a four hour fast and increased (p<0.01) 
after feeding relative to the levels at time 0 (Fig. 1). 


Glucose Levels 


Initial glucose concentration decreased (p<0.01) after the 
four hour fast (236+4.7 vs. 218+4.4 mg/dl) and increased 
after feeding (269+9.5 vs. 218+4.4 mg/dl; p<0.01). Fluctua- 
tions in glucose concentration correlated with those of insu- 
lin, with the exception of the +30 minute time period where 
an insignificant downward fluctuation occurred (266+9.2 
mg/dl) vs. the decrease observed at +30 min for insulin (Fig. 2). 


GH Concentrations 


Concentrations of GH did not change over the first three 
time periods but did increase at time +30 min (54+13.7, 
68+12.7, 54+17.9 vs. 76+18.8 ng/ml; p<0.05). Conse- 
quently, there is a trend for GH levels being inversely corre- 
lated with the other two measures (Fig. 3). 


DISCUSSION 


Our results show that the chicken responds similarly to a 
fast of 4 hours as chickens do to longer fasts [16,17]. In- 
creases in both insulin and glucose were observed 15 minutes 
after feeding with glucose levels remaining elevated at time 
30 while insulin levels declined. Simon and Rosselin [16] 
reported similar findings and illustrated that the stimulated 
insulin release is related to the size and nature of the meal 
without significant modification of plasma glucose levels fol- 
lowing the meal. This suggests that the pancreatic release of 
insulin is under partial influence of gastro-intestinal 
mediators/hormones or that changes in tissue sensitivity to 
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FIG. 3 GH concentrations for the first three time periods were not 
different from one another. Concentrations at 30 min were signifi- 
cantly higher than those at 15 min but not at —240 or 0 min. (n= 10; 5 
replications). 


insulin can occur. Some earlier works have provided evi- 
dence to the contrary in which chicken insulin levels did not 
change as a result of deprivation [11]. However, these differ- 
ences may be due, in part, to the apparent absence of sen- 
sitivity and cross reactivity problems often encountered 
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when avian insulin is measured against mammalian insulin 
antibodies [12,15]. Since recovery of chicken insulin in the 
assay reported in this study ranged from 98 to 105% and paral- 
lelism existed in relation to the standard curve, calculated 
values reflect actual changes. Thus, a decrease in insulin, as 
a result of fasting, is similar to the mammalian response of 
deprivation [1,2]. 

GH concentration decreased to some degree in response 
to a meal, while insulin and glucose increased. This would be 
in agreement with depressed concentrations of GH noted in 
normal or fasted birds after insulin administration [7]. In- 
verse correlations of GH and insulin have also been reported 
in fasted sheep [1] and rats [20,21]. Starvation periods up to 
48 hours raised GH and suppressed glucose plasma levels [6, 
8, 11]. A four hour fast also produced a significant suppres- 
sion of glucose levels while only a trend for an increase in 
GH was observed. It has been suggested that glucose does 
not directly affect the release of GH but that the influence of 
glucose on other hormones such as insulin may influence GH 
secretion [8,11]. 

The results presented here indicate that the interrelation- 
ship existing between these hormonal and metabolic concen- 
trations observed with fasts of 24 or 48 hours become appar- 
ent after a 4 hour fast and a 15 minute feeding period. 
The influence which these three hormones have on one an- 
other is not well established but may be playing a role in fed 
and fasted states. 
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BIRD, E. AND R. J. CONTRERAS. Dietary salt affects fluid intake and output patterns of pregnant rats. PHYSIOL 
BEHAV 37(2) 365-369, 1986.—This study was done to determine how differences in dietary NaCl influence water and 
electrolyte balance during gestation. Eighteen adult female rats were fed diets containing either 0.12 (low), 1.0 (mid, 
control), or 3.0% (high) NaCl throughout gestation. On gestation days 1-19, body weight, water and food intakes, urine 
volume and electrolyte levels were measured. On gestation day 20, amniotic fluid electrolyte levels were determined; litter 
sizes were assessed 24-hr after birth. Because food intakes were similar throughout gestation, the dams of the three groups 
ingested different amounts of NaCl. Differences in dietary NaCl were accompanied by large differences in the daily 
patterns of urine sodium, urine sodium/potassium ratios, water intake, and urine volume. Despite these differences in 
intake and output, water and electrolyte balance (intake minus output) was the same for the three groups. There were no 
differences in the dams’ body weights, amniotic fluid electrolyte levels, or litter sizes. The long-term consequences of 


perinatal dietary NaCl for the developing pups are discussed. 


Water balance Perinatal nutrition 


Sodium chloride 
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THE purpose of this study was to determine the relationship 
between the amount of sodium chloride in the diet and the 
pregnant rat’s water and electrolyte balance during gesta- 
tion. The gestation period is a time when the developing fetal 
nervous system is susceptible to environmental influences 
[11]; the existing studies of relevant maternal physiology dur- 
ing this period are, however, limited. These studies either 
characterize water and electrolyte balance in detail without 
varying dietary salt or, on the other hand, they examine the 
effect of differences in dietary NaCl on a very few intake and 
output measures. For example, Atherton and his colleagues 
[1] described the daily water and electrolyte balance of preg- 
nant rats, all of which were maintained on a diet providing 
0.28% sodium. Kirksey and Pike [8] measured the food in- 
takes, body weights, and urine electrolytes of dams main- 
tained on high and low sodium diets, but they presented 
weekly instead of daily means in most cases and did not 
include data on water intake and urine volume. Gangulli, 
Smith and Hanson [5] measured the body weights and food 
intakes of dams fed one of five low-sodium diets; their paper 
does not discuss water intake or urine volume and electro- 
lytes. It is important to describe carefully the nature and 
timing of changes in the mother’s internal environment, i.e., 
the pups’ external environment, resulting from alterations in 
dietary NaCl levels to determine the extent to which the 
amount of salt in the maternal diet may influence fetal devel- 
opment. 

Characterizing the responses of the dams to diets provid- 
ing different amounts of NaCl is also an important step 
towards understanding the mechanisms whereby perinatal 
salt intake influences long-term salt preferences. Contreras 





and Kosten [2] found that male rats raised on a high salt (3% 
NaCl) diet showed significantly greater saline preferences as 
adults. In addition, Mouw and his colleagues [12] reported 
that rats raised on a diet almost free of sodium showed in- 
creased water intakes with no change in saline intakes. 
These long-term effects of perinatal salt consumption on in- 
take may be mediated through changes in taste sensitivity 
and/or the regulatory mechanisms underlying salt and water 
balance. Dietary-induced changes in the environment in 
which these neural and endocrine systems develop may in- 
fluence their functioning, since they only gradually acquire 
typical adult characteristics [3, 4, 6, 7, 10, 14, 15]. 

In the present study we will extend the description of 
water and electrolyte balance during gestation to rats main- 
tained on diets providing different amounts of salt, in addi- 
tion to beginning to determine the physiological basis for 
alterations in fluid intake described earlier [2,12]. We will 
examine the effects of low (0.12%), mid (1.0%), and high 
(3.0%) dietary salt during gestation on the dams’ (1) food 
intake, rate of weight gain, and litter size, (2) electrolyte 
balance, (3) water balance, and (4) amniotic fluid electrolyte 
levels. 


METHOD 


Eighteen female rats (Sprague-Dawley, Cri:CD(SD)BR, 
Charles River Breeding Laboratories) weighing approx- 
imately 250 g were housed in individual breeding cages in a 
colony room on a 12:12 light-dark cycle (lights on at 1 p.m.). 
Room temperature was maintained at 22°C. Each rat was 
given access ad lib to deionized-distilled water and one of 
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TRIMESTER MEAN (+SEM) FOOD INTAKES, SODIUM AND WATER INTAKES 
AND OUTPUTS OF LOW, MID, AND HIGH DIETARY SALT ANIMALS 





Low 


High 





Food intake (g) 
first trimester 
second trimester 
third trimester 


Na intake (mEq) 
*first trimester 
*second trimester 
*third trimester 


Urine sodium (mEq) 
*first trimester 
*second trimester 
*third trimester 


17.6 
19.6 
19.4 


0.35 + 0.02 
0.39 + 0.02 
0.38 + 0.02 


0.47 + 0.09 
0.28 + 0.05 
0.05 + 0.01 


3.10 + 0.18 
3.19 + 0.20 
3.36 + 0.20 


3.76 + 0.38 
3.43 + 0.33 


16.9 0.9 
17.6 1.0 
20.4 1.2 


8.61 + 0.47 
8.97 + 0.53 
10.42 + 0.61 


yes Be ay 
9.14 + 1.26 
10.51 + 0.93 


Water intake (ml) 
*first trimester 27.8 
*second trimester 29.4 


= 
= 


third trimester 40.1 + 6.5 


Urine volume (ml) 
*first trimester 17.6 
*second trimester 17.9 
*third trimester 


a7 £39 


2.1 237 
40.8 + 3.9 
47.5 +38 


31.8 + 3.5 
31.5 + 3.6 
35.8 +3.9 





*p<0.05. 


three experimental diets (0.12%, 1.0%, 3.0% sodium 
chloride) composed of 1.2, 10, or 30 g of NaCl added to 
998.8, 990, or 970 g of powdered sodium-deficient diet (ICN 
Nutritional Biochemicals, Hartroft formula). The mid salt 
diet contains the amount of sodium normally found in a 
standard commercial diet for rats (Purina Rat Chow), and 
both the high and low salt diets contain sodium levels within 
the range necessary for maintaining the normal course of 
gravidity [5]. Six females were fed each of the three diets. 

After five days of adaptation to these conditions, a male 
rat was introduced into each cage daily. When the female 
was receptive, the male was left in the cage overnight. This 
day was considered day 0 of gestation. On day | of gestation, 
each rat was placed in an individual metabolism cage 
(Wahmann Manufacturing Co.) under the same dietary con- 
ditions in a colony room on a 12:12 light-dark cycle with 
lights on at 7 a.m. Measurements of water and food intake, 
body weight, and urine volume were taken daily (to the 
nearest 1 ml, 0.1 g, 0.1 g, and 1 ml, respectively). Urine 
specimens were collected each day under toluene to prevent 
evaporation and frozen for later analysis of sodium and 
potassium levels by flame photometry (Gilford Instruments; 
lithium used as reference solution). Each sample was cen- 
trifuged to remove any solid matter before analysis. 

On day 20 of gestation, each rat was removed from the 
metabolism cage and anesthetized by exposure to ether. 
Under semi-sterile conditions, a midline incision was made 
over the area of the amniotic sacs. Using a glass syringe 
equipped with a 22-ga needle, approximately 100 ul of am- 
niotic fluid were removed from one sac. Each sample was 
frozen for later flame photometric analysis of electrolyte 
levels. The muscle and skin incisions were sutured sepa- 
rately and the dam placed in a breeding cage with ad lib 


access to deionized-distilled water and the appropriate diet. 
Parturition followed normally within 24 hours of surgery. 
The pups incurred no visible damage from this procedure. 

To assess differences in food intake, water intake, urine 
volume, urine electrolyte levels, amniotic fluid electrolyte 
levels, and body weight during gestation, two-factor 
analyses of variance were conducted with dietary condition 
(low, mid, high salt) as the between-group factor with re- 
peated measures over days. The initial analyses included 
data from the whole 19-day measurement period. Subse- 
quently, the data were subdivided into trimesters (days 1-6, 
7-13, and 14-19) and reanalyzed to permit comparisons with 
earlier work [1]. Differences in litter size were assessed with 
a one-way analysis of variance; dietary condition was the 
between-group factor. In all cases, Newman-Keuls tests 
were used to determine the source of group differences. 
Animals for which complete data were not available were 
omitted from a particular analysis; this accounts for differ- 
ences between analyses in numbers of degrees of freedom. 

Two modifications of the general analysis of variance 
procedure were necessary in the case of the body weight 
data for the F ratio to follow the F distribution. A log trans- 
formation was applied to the data to correct for 
heterogeneity of variance [13]. In addition, the 
Greenhouse-Geisser epsilon factor was used for degrees of 
freedom adjustment in testing within-subject effects, since 
the assumptions about the pattern of elements in the 
covariance matrix were not met [13]. 


RESULTS 
Food Intake, Body Weight, and Litter Size 


Over the gestation period, there were no differences in 
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FIG. 1. The average (+SEM) daily urine sodium levels (mEq) are 
presented for dams in the low, mid and high dietary salt groups. The 
dashed lines demarcate the three trimesters of gestation. Even 
though there were differences between the groups in mean levels of 
sodium in urine, the excretion patterns for the three groups only 
differed during the second trimester. At this time the high salt dams 
showed a 75% increase in urine sodium output, while the other two 
groups continued to excrete relatively contant amounts of sodium. 


the food intakes or rates of weight gain of female rats in the 
three dietary conditions (ps>0.10). The average (+SEM) 
food intakes of animals in the three groups for each trimester 
are presented in Table 1. The average (+SEM) total weight 
gain (g) during pregnancy was 115.5+6.3 for females on the 
low salt diet, 115.3+7.4 for females on the mid salt diet, and 
117.3+10.1 for females on the high salt diet. There were no 
differences in the number of live young born to the six 
mother rats in each dietary condition (p >0.10). There was an 
average of 11 pups from the low salt mothers and 12 from the 
mid and high salt mothers. Since food intakes, body weights, 
rates of weight gain, total weight gain, and litter size did not 
differ, we infer that there were no differences between the 
groups in energy balance; all animals consumed the same 
amount of food and showed similar weight gains and litter 
sizes. 


Electrolyte Balance 


The mean (+SEM) sodium intakes and ouputs of animals 
in the three dietary groups for each trimester of gestation are 
presented in Table 1. Each rat’s daily intake (mEq) was cal- 
culated using the following formula: g diet eaten x mEq Na 
per gram (0.02 in the low salt diet, 0.17 in the mid salt diet, 
and 0.51 in the high salt diet). Then the urine Na level (mEq) 
for each day was subtracted to obtain a balance score. Even 
though there were differences in the sodium intakes of rats in 
the three groups, (since intakes of diets varying in salt con- 
tent did not differ), there were no group differences in 
sodium balance (p>0.5). This is attributable to the fact that 
urine sodium levels differed significantly between groups, 
F(2,12)=123.13, p<0.0001. This is shown in Fig. 1, which 
presents the mean (+SEM) urine sodium levels of dams in 
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the three groups on gestation days 1-19. Throughout this 
period, the urine sodium levels of the highs were higher and 
those of the lows lower than those of mid salt group. Differ- 
ences in the amount of sodium excreted compensated for 
greater or lower salt intake so that balance was maintained. 

Despite differences in mean urine sodium levels, the pat- 
terns (diet by day interaction) of sodium excretion of rats in 
the three groups did not differ during the first (days 1-6) 
trimester of gestation (p>0.5). Comparison of the means 
(+SEM) in Fig. 1 suggests that urine sodium levels remained 
constant over the first trimester for all groups. During the 
second trimester (days 7-13) of gestation, the sodium excre- 
tion patterns of dams in the three groups differed, 
F(12,84)=3.26, p<0.001. The data in Fig. 1 indicate that rats 
in the high salt group showed a 75% increase in urine sodium 
levels over this seven-day period, while the females in the 
low and mid salt groups continued to excrete a fairly con- 
stant amount of sodium daily. The diet by day interaction 
was not significant during the third trimester (days 14-19) 
(p>0.5). Over this trimester, urine sodium levels decrease 
for the low (from 0.06+0.02 on day 14 to 0.01+0.004 on day 
19) and mid salt animals. 

In contrast to urine sodium levels, there were no differ- 
ences between the groups in the mean amount of potassium 
in urine or in patterns of potassium excretion (p>0.1). Mean 
(+SEM) urine potassium levels (mEq) were 4.43+0.26 for 
females in the low salt group, 5.00+0.23 for females in the 
mid salt group, and 4.81+0.65 for females in the high salt 
group. The levels remained relatively constant over gesta- 
tion. 

As expected with such large differences in urine sodium 
levels, there were also significant differences between the 
groups in the ratio of sodium to potassium in urine, 
F(2,15)=216.88, p<0.01. The means (+SEM) for the 19-day 
measurement period were 0.07+0.01 for dams in the low salt 
group, 0.72+0.03 for dams in the mid salt group, and 
2.03+0.04 for those in the high salt group; these values are 
directly proportional to the levels of salt in the diets. The 
relative values of the sodium/potassium ratio are considered 
to be a reflection of relative aldosterone levels [8]: the lower 
the ratio, the higher the aldosterone level. Therefore, these 
data suggest that aldosterone levels of the low salt animals 
are higher and those of the high salt animals lower than those 
of the mid salt dams. 


Water Balance 


Figure 2 shows the mean (+SEM) water intakes and urine 
volumes of rats in the three groups over the 19-day meas- 
urement period. The mean (+SEM) water intakes and urine 
volumes of rats in the three dietary groups for each trimester 
of gestation are presented in Table 1. There was a significant 
effect of diet on water intake for the first two trimesters of 
gestation, F(2,15)=9.88, p<0.01; F(2,15)=5.07, p<0.05, re- 
spectively. The data in Fig. 2 show that during this time, the 
mean water intakes for the high salt group were higher than 
those for the low and mid salt groups. During the third 
trimester, there were no differences between the water in- 
takes of the three groups (p >0.05). There was also a signifi- 
cant effect of dietary condition on urine volume for all three 
trimesters, F(2,13)=7.83, p<0.01; F(2,14)=6.84, p<0.01; 
F(2,14)=6.00, p<0.05, respectively. The mean urine vol- 
umes for the high salt group were higher than those for the 
low and mid salt groups. As was the case with sodium, al- 
terations in water intakes were compensated for by changes 
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FIG. 2. This graph presents the mean (+SEM) water intakes and 
urine volumes of dams in the low, mid and high dietary salt groups 
on days 1-19 of gestation. For the first two trimesters there was a 
significant effect of diet on water intake; the effect of diet on urine 
volume was significant for all three trimesters. 


in urine volume as indicated in Fig. 2. There were therefore 
no differences in water balance (intake minus output) of rats 
in the three dietary conditions during any of the three trimes- 
ters (p>0.5). 

Despite differences in water intake and urine volume, the 
intake and output patterns (diet by day interaction) of females 
in the three conditions did not differ during the first trimester 
of gestation (ps>0.1). Over the second trimester, how- 
ever, their intake and output patterns were different, 
F(6,12)=4.46, p<0.001; F(6,12)=2.98, p<0.05, respectively. 
The data in Fig. 2 suggest that rats in the high salt group 
show an increase in both water intake and urine volume over 
this seven-day period, while the patterns of the low and mid 
salt dams remain constant. The diet by day interactions were 
not significant in the third trimester (ps>0.1). Comparison of 
the means (+SEM) in Fig. 2 suggests that, during the third 
trimester, the mid salt dams showed increases in water in- 
take and decreases in urine volume. The variability in the 
data from the other two groups is too great to discern any 
trends. 


Amniotic Fluid 


The average (+SEM) amniotic fluid sodium levels 
(mEq/l) were 121.0+2.1 for females in the low salt group, 
124.4+3.3 for females in the mid salt group, and 131.2+4.8 
for females in the high salt group. The differences between 
groups are not statistically significant, although they do re- 
flect differences in dietary salt intake. There were no differ- 
ences in the levels of potassium in amniotic fluid of rats in 
the three groups. The means (mEq/1) were 4.6 for the low salt 
group and 4.4 for the both mid and high salt groups. 


DISCUSSION 


The results of this study suggest that differences in di- 
etary salt do not disrupt the dams’ ability to maintain energy, 
water and electrolyte balance during gestation. First, it is 
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inferred that the low and high salt animals maintain a state of 
energy balance similar to that of control (mid salt) animals, 
since the groups do not differ in average food intake, rate of 
weight gain, or total weight gain during gestation. The food 
intakes of these rats are in line with those of pregnant rats in 
other studies [5,8]. Rats in all three groups showed an aver- 
age increase in body weight of 46% during gestation; this is 
similar to the 50% weight gain of pregnant rats fed a diet 
containing 0.28% sodium [1]. Second, there were no differ- 
ences in the number of live young born to mother rats in the 
three dietary conditions. The litter sizes in this experiment 
are consistent with those obtained in other studies [1, 5, 8]. 
Third, in general, there were no differences in water and 
electrolyte balances of animals in the three groups. 

The daily intake and output patterns of water and electro- 
lytes typical of the pregnant rat were described by Atherton 
and his colleagues [1] as follows. Beginning at the end of the 
second trimester, dams (maintained on a diet containing 
0.28% sodium) showed an increase in water intake that is not 
compensated for by an increase in urine volume; the net 
result is fluid retention. They also showed a decrease in urine 
electrolyte levels during the third trimester. The control (mid 
salt) animals in the present study, whose diet contained 0.4% 
sodium, showed the typical increase in water intake and de- 
crease in urine sodium during the third trimester. Instead of a 
slight increase in urine volume, though, they showed an 
actual decrease; nevertheless, the net result was water re- 
tention. 

Even though balance values calculated as the difference 
between intake and output were the same for the three 
groups, the low and high salt dams’ absolute levels of water 
and sodium intake and output differed greatly from those of 
the mid salt rats, as they responded behaviorally and physi- 
ologically so as to maintain homeostasis. The high salt 
animals in the present study consumed three times as much 
sodium as their mid salt counterparts. Throughout gestation, 
they showed an increase from control urine sodium levels 
sufficient to ‘‘balance”’ the high salt load. Kirksey and Pike 
[8] reported similar changes in urine sodium levels of preg- 
nant rats fed a diet containing 1.3% sodium. Also in line with 
differences in dietary salt, the urine sodium/potassium ratios 
of the high salt dams were approximately three times as high 
as those of the mid salt group, which suggests that their 
aldosterone levels were depressed to the same degree. The 
high salt animals also showed elevated water intakes and 
urine volumes during all three trimesters. 

The high salt dams showed several differences in intake 
and output which were unexpected. During the second 
trimester, their water intakes, urine volumes, and urine 
sodium levels increased greatly, in the absence of a similar 
increase in food (salt) intake. In fact, the second-trimester 
increase in urine sodium was so great that the high salt 
animals actually excreted the same or a larger amount of 
sodium in the third trimester compared to the first. Recall 
that the control animals had lower urine sodium outputs in 
the third trimester compared to the first. In addition, the high 
salt animals did not show the third-trimester changes in 
water and electrolyte balance typical of pregnancy [1]. 

The low salt rats consumed approximately one-eighth as 
much sodium as the mid salt rats. Even under the demanding 
conditions of pregnancy, the low salt dams were able to de- 
crease their levels of sodium in urine sufficiently to maintain 
sodium balance. Despite their already much reduced 
baseline urine sodium levels, the low salt rats still showed 
the decrease in urine sodium during the last week of preg- 
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nancy described by Atherton and colleagues [1]. Their urine 
sodium/potassium ratios were also lower than those of the 
mid salt group, which suggests that the aldosterone levels of 
the low salt dams are higher than those of their mid salt 
counterparts. As was the case with the high salt rats, the 
group differences in sodium/potassium ratios is proportional to 
the difference in dietary salt. Even though the low salt rats 
showed the typical last trimester decrease in urine sodium 
levels [1], their water intakes and urine volumes did not 
change during this period. It should, however, be noted that 
the great variability in these measures renders a firm con- 
clusion impossible. 

Taken together, the data indicate that the amount of salt 
in the diet during gestation affects fluid intake and output in 
several ways. The low and high salt dams differed greatly 
from the mid salt rats in their absolute levels of sodium out- 
put. There were related changes in the dams’ internal 
environment; there was probably more aldosterone in the 
internal environment of the low salt dam and less in that of the 
high salt dam. In addition, there were some changes in the 
high salt animals’ urine sodium levels, urine volumes, and 
water intakes during the second trimester which are not so 
easily attributable to differences in dietary salt. Also, water 
and electrolyte turnover was altered in the experimental rats; 
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it is possible that a greater proportion of available energy is 
channelled into maintaining fluid balance in these animals. 
Finally, the low and high salt rats did not show all the 
changes in fluid balance typical of pregnancy [1]. 

This study indicates that dietary salt affects fluid intake 
and output patterns of pregnant rats. Any comment regard- 
ing the influence of these changes on the fetus is, of course, 
speculative at this point. We suggest, however, that the re- 
sult of all these effects of dietary salt may be an external 
environment for the developing pups that differs from typical 
conditions in its water, electrolyte, and hormonal composi- 
tion. This altered environment may or may not affect the 
developing nervous system, in particular its gustatory and 
regulatory components which mediate salt preference behav- 
ior. Its influence will depend on the extent to which the fetus 
**sees’’ these changes. 
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CHANG, M.-F. Female cooing promotes ovarian development in ring doves. PHYSIOL BEHAV 37(2) 371-374, 1986.—In 
female ring doves (Streptopelia risoria), hearing their own coos promoted greater follicular growth than hearing males coo, 
as demonstrated by the playback of various coos to experimentally muted females, under normal conditions. This differ- 
ence in follicular growth suggests that the females’ own cooing, not the males’ cooing, stimulates the ovarian response. 
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HORMONAL control of the female reproductive system is 
strikingly similar across different species, including women 
[15]. Similarly, social influences on ovarian activity have 
been reported in many species. For example, among college 
women dormitory roommates and close friends show syn- 
chronized menstrual cycles [14]. In mice and rats, the pres- 
ence of males advances the onset of puberty in females 
[16,17], and in female praire voles, uterine growth is 
triggered by male secretion [2]. In most birds, male song 
induces egg-laying [1, 7, 9, 10]. Most if not all studies of 
these phenomena have been designed to address which as- 
pects of the social factors (association by human females, 
odors of male rodents, and specific song characteristics of 
male birds) stimulate female reproductive functions. Clearly 
absent in these studies is a consideration of the dynamic 
nature of social interactions. Most social encounters are re- 
ciprocal interactions; the behavior of the recipient may be as 
important as that of the partner in giving rise to endocrine 
changes in the recipient. 

During courtship ring doves exhibit behavioral patterns 
leading to egg-laying. These patterns have provided a useful 
model for studying the hormonal and neural bases of repro- 
ductive behavior. In the present study we report that in the 
ring dove it is the female’s own courtship nest-cooing, in 
response to the male’s courtship behavior, that directly 
stimulates her follicular development. 

When in breeding condition, the male ring dove typically 
initiates courting by calling two syllable notes (bow-cooing 
and nest-cooing) interspersed with chasing activity. The 
female joins in nest-cooing with the male at the nest site for a 
period of time; the male then leaves and the female performs 
solo cooing while the male collects nest materials for nest- 
construction. A few days later, the female lays a clutch of 
two eggs. Females stop cooing abruptly after laying the 2nd 
egg. 

In the course of studying the function of estrogen binding 
sites in the midbrain, the n. intercollicularis (ICo) region 


[13], we noted that the female’s nest-coo response was dras- 
tically reduced as a result of lesions in this brain region [5]. 
Lesioned females were otherwise responsive to male court- 
ship; they approached males and even copulated with them. 
Unexpectedly there was no sign of follicular growth; since 
males courted ICo-lesioned females as much as sham- 
lesioned females, the absence of male courtship could not 
have been the cause of the failure of ovarian development. 
To determine whether the failure of follicular response in 
ICo-lesioned doves was due to an impairment of neural tis- 
sues mediating ovarian development, we reproduced the 
muting effect of the above CNS lesion by severing the motor 
nerves (the tracheosyringealis branch of the hypoglossal 
nerve) innervating the syrinx, while leaving the brain intact. 
Females with these peripheral nerve cuts behaved in much 
the same manner as the ICo-lesioned females when they 
were paired with courting males; they actively interacted 
with the males but did not engage in nest-cooing. Again de- 
spite the males’ vigorous courting, there was little sign of 
follicular response [4]. These results led to the hypothesis 
that it is the females’ own nest-coo displays which promote 
their ovarian development [3]. 

There are two ways by which the female’s own nest- 
cooing might affect her follicular development: (1) hearing 
her own nest-cooing (acoustic feedback), and (2) performing 
nest-cooing (proprioceptive feedback). If acoustic feedback 
were involved in the induction of ovarian development, then 
devocalized females should show follicular growth when 
they hear recordings of their own nest-cooing, but not when 
hearing those of their mates. This paper reports the effects of 
hearing recordings of different kinds of coos on the ovarian 
responses of muted female ring doves. 


METHOD 


A total of 53 females and 60 males were used as experi- 
mental birds. Three females were discarded after failing the 
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FIG. 1. Sonograms of the nest-coo of the ring dove: (a) female nest-coo and (b) male nest-coo. 


TABLE 1 


MEAN INCREMENT IN FOLLICLE SIZE (DIAMETER IN mm) OF 
DEVOCALIZED AND SHAM FEMALES HEARING PLAYBACKS OF 
THEIR OWN VS. OTHER TYPES OF COOS 





Number 
of birds 
with size 
increment 
>2 mm 


Initial Mean 
follicle* folliclet 
Stimulus size size 
condition (range) increment 





Devoc + Male 45 
coos 

Devoc + female’s 4-5 
Own Coos 

Devoc + other 4-5 
female’s coos 

Devoc + no 4-5 
playback 

Sham + no 4-5 
playback 





Testing for homogeneity of variance, F(4,45)=5.7, p<0.01, is fol- 
lowed by f-test. 

Different superscripts denote significance at a=0.05. 

*Follicle size was measured with Vernier callipers 3—5 days before 
the playback experiment (the initial follicle size) and again on the 
day after the last playback (the 2nd follicle size); both measurements 
were done in the morning. 

tMean increment in follicle size=the 2nd follicle size—the initial 
follicle size. 


post-devocalization test with males. Ten of the 60 males 
were used to prime the females during recordings of females’ 
nest-cooing. These same males also provided the recordings 
of male nest-cooing. 

The general procedures were: (1) Recordings of females’ 
nest-cooing were obtained while exposing the females to 
active male courtship; (2) Females were subjected to de- 
vocalization (N=40) or sham-devocalization (N=10) and 
tested for the effectiveness of the devocalization procedure; 
(3) Three to five days before playback and five to seven days 
after devocalization, females were laparotomized to deter- 
mine size (diameter) of the largest follicle; (4) Playback and 
behavioral observations were initiated one day after male 
and female pairs were placed in sound isolation chambers 
(Industrial Acoustics, Inc.). 

In this experiment, playbacks were carried out in the 
presence of the male to mimic normal breeding conditions, 
varying only the types of coos played. Playbacks without 
males present were later carried out in a separate study (see 
discussion). 


Surgery 


Devocalization. Females were devocalized by inserting a 
1'/2 inch length of polyethlene tubing (*/:6” OD, '/s” ID) into 
the interclavicular sac immediately surrounding the syrinx. 
When this tubing is open, the interclavicular sac is no longer 
inflated during respiration. Movements of the sac provide 
the energy (air) source required for vocalization. Hence the 
above procedure renders the bird unable to emit sound. This 
devocalization procedure is reversible by simply plugging 
the open end of the tubing. 

Laparotomy. Females were restrained on a pegboard with 
their left sides facing up. A small incision was made to ex- 
pose the left ovary (only the left ovary is functional in this 
species); the diameter (in mm) of the dominant (largest) fol- 
licle was measured with Vernier callipers. Cuthbert [6] has 
documented clearly that only two follicles out of two dozen 
develop in each cycle. Moreover, the dominant follicle re- 
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mains dominant until ovulation. By measuring the dominant 
follicle before and after playback, we could be assured that 
the same follicle was measured. Females were then assigned 
to the playback of different types of coos: male coos, the 
female’s own coos, or another female’s coos; two other 
groups served as controls, devocalized and sham- 
devocalized females without playback. 

Recordings. Nest-coos were recorded with a Nagra IV- 
stage recorder at 19.05 cm/sec on Scotch low-noise magnetic 
tape, using a Senheiser microphone. Tapes of females’ nest- 
coos were prepared by editing out those sections containing 
male calls. Tapes of male calls were obtained in a similar 
fashion. 

Playbacks. The tapes were played back to the females in 
sound isolation chambers, equipped with loud speakers. Be- 
fore each playback experiment, a male-female pair was in- 
troduced to a sound isolation chamber for one day of habitua- 
tion, during which the male and female were separated by an 
opaque partition. On the following day the partition was re- 
moved, allowing the birds to interact with each other, and 
playback sessions began. Each session lasted for 2 hr, be- 
tween 800 and 1300 hr. Sessions were conducted daily for 5 
consecutive days. The male and female were allowed to 
interact during and after sessions. 


RESULTS AND DISCUSSION 


As shown in Table 1, playing back the females’ own coos 
(Fig. 1a) resulted in significantly more follicle growth than 
playing back male coos (Fig. 1b) (t=8.70, p<0.005). Follicle 
growth was as great in females exposed to recordings of their 
own coos (for two hours) as it was in females allowed to call 
and hear their own coos although the latter females (shams) 


never engaged in nest-cooing continuously for a full 2 hours 
(Sham—no playback) (t=0.11; p>0.45). Since the females 
were devocalized, these findings suggest that hearing their 
own coos stimulated the ovarian response. Furthermore, 
since under natural conditions a female must produce coos to 
hear her own, the present finding suggests that 
audiofeedback is involved in the self-stimulation effect of 
nest-cooing. Recently it has been reported [18] that motor 
neurons (such as hyperstriatum ventrialis pars caudalis, 
HVc) and motor nerves (the tracheosyringeal nerve) inner- 
vating the vocal organ (syrinx) selectively respond to audi- 
tory stimulation in many species of song birds. This raises 
the possibility that in the present study, playing back the 
female’s nest-cooing induced proprioceptive responses from 
the vocal motor system as well as auditory reception in the 
devocalized birds. This possibility is currently being tested. 
It is also interesting to note that neurons selectively respon- 
sive to a bird’s own song have been identified in the HVc 
region of the white-crowned sparrow [12]. Analogous 
neurons may exist in the female dove brain. 

The results also demonstrate that follicular growth may 
be stimulated by exposure to coos from other females, 
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perhaps as effectively as by exposure to the females’ own 
coos (t=1.68, p>0.05). An independent pilot study, how- 
ever, suggested that the effectiveness of hearing nest-coos 
other than the females’ own may depend upon testing condi- 
tions. In this instance devocalized females were tested under 
colony conditions rather than in acoustic isolation. The 
females were paired with stimulus males for 24 hr, after 
which the males were removed. On subsequent days females 
in one subgroup (N=4) were exposed daily to playbacks of 
their own nest-coos; females in another subgroup (N=4) 
heard playbacks of coos from other females. Of course all 
females could hear colony vocalizations, which included fre- 
quent nest-coos by both males and females. Tested under 
these conditions, devocalized females hearing playbacks of 
their own coos again responded with follicular enlargement, 
whereas those exposed to the coos of other females failed to 
show any increment in follicle size (Cheng and Perrussi, un- 
published observation). The effectiveness of the playbacks 
in promoting follicular development was particularly striking 
in this study, because it occurred in the absence of male 
partners. That 24 hr of male courtship by itself was insuffi- 
cient to induce follicular growth is consistent with the finding 
of Lehrman et al. [11] that a minimum of 4-5 days of con- 
tinuous stimulation by males is necessary to enable females 
to complete ovarian development. 

In summary, the present findings suggest that the ovarian 
response culminating in egg-laying, typically observed in a 
female ring dove after pairing with a stimulus male, is 
mediated by the female’s nest-coos which feed back to 
stimulate her own hypothalamus-pituitary-ovarian system. 
This conclusion does not diminish the importance of male 
courtship; after all, it is the male’s nest-coos that induce the 
female’s nest-coos. The conclusion does mean that as long as 
the female engages in nest-cooing, whether in response to a 
male’s coos or to a pet owner’s hand, ovarian development 
can be stimulated. 

Endocrine changes in response to social influences are 
not limited to the female system. The male endocrine system 
exhibits the same level of sensitivity. For example, in mam- 
mals, including man, olfactory and/or visual cues emitted by 
estrous females stimulate endocrine release in males [8]. The 
present findings suggest that these endocrine responses may 
be an indirect effect of the individual’s behavioral response 
to the social milieu. In this light, endocrine change is not a 
passive response to social simuli but rather a consequence of 
an individual’s active interaction with those stimuli. 
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WETHERINGTON, C. L. AND A. L. RILEY. Diminution of schedule-induced polydipsia after a long rest period. 
PHYSIOL BEHAV 37(2) 375-378, 1986.—Schedule-induced polydipsia was established in four food-deprived rats given 
daily hourly sessions in which a food pellet was presented once each min. Sessions were then discontinued for ap- 
proximately six months. After this rest period, the daily sessions were resumed. Relative to the water intake during the last 
five sessions prior to the rest period, water intake during the first five sessions after the rest period exhibited a 55.5%, 
10.3%, 32.0% and 29.6% decrement for the four rats, respectively. These results are discussed in terms of a sensitization 


view of schedule-induced polydipsia. 


Schedule-induced polydipsia 
Food deprivation Rats 


Schedule-induced drinking 


Adjunctive behavior Sensitization 





IN 1961, Falk [6] reported that food-deprived rats taught to 
press a lever to produce a small pellet of food on the average 
of one each minute soon began to drink water after eating 
each pellet. The post-food drinking per se was not surprising 
[19], but the excessive quantity was. During the 3.17-hr daily 
sessions, the rats consumed approximately 3.43 times their 
pre-experimental daily water intake. Falk called this phe- 
nomenon ‘‘schedule-induced polydipsia’’ (SIP). 

Initial research on SIP attempted to explain it in terms of 
physiological factors such as impaired renal function or in 
terms of the food-deprivation regimen (for reviews, see [8, 9, 
12, 25]). When these explanations failed, behavioral expla- 
nations were sought. Since polydipsic drinking usually oc- 
curs immediately after food presentation, it seemed reason- 
able to consider the drinking as simply an unconditioned 
response to food. Perhaps the strongest argument against 
this possibility [9,25] was that polydipsia does not occur 
full-blown when the animal is initially exposed to the 
schedule, but develops. gradually over several sessions. 
Given that SIP apparently was not an unconditioned response 
to food, explanations in terms of classical or operant condi- 
tioning were offered, but did not survive experimental 
analysis (for reviews, see [8, 9, 12, 25]). Recently, however, 
Wetherington [28] suggested that SIP perhaps is a form of 





non-associative learning, specifically, sensitization [4, 11, 
13, 14, 18, 27]. This suggestion was based primarily on the 
fact that SIP shares a major characteristic of sensitized be- 
havior, namely a gradual incrementation with repeated elici- 
tation. In accounting for SIP by a sensitization model, food 
would be considered the eliciting stimulus for fluid con- 
sumption. Repeated presentations of food would sensitize 
fluid consumption, resulting in increased consumption over 
successive food deliveries. 

A second characteristic of sensitized behavior is that it 
diminishes with time since exposure to the eliciting stimulus 
(see [14]). There is no specific decay time for sensitization. 
Some researchers have found that sensitization decays 
within a few minutes [2, 5, 15] or hours [1, 20, 29] or days 
[3,11]; others have found it detectable after weeks [16, 17, 
22] or months [23]. The decay time appears to be related to 
the particular preparation. If SIP is a form of sensitization, 
then after a rest period following SIP acquisition there 
should be dimunition in the level of polydipsic intake due to 
the decay of sensitization. Recently, however, Shearon and 
Allen [24] reported no diminution in polydipsic intake after a 
10-week rest period. Because the time course of decay of 
sensitization appears to depend upon the nature of the re- 
sponse preparation, it is possible that given a longer rest 


‘Requests for reprints should be addressed to Cora Lee Wetherington, Department of Psychology, University of North Carolina at 
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FIG. 1. Daily session water intake for each rat during the phase prior to the rest period (left panel) and the 
phase after the rest period (right panel). Means represent mean water intake during the first and last five 
sessions of each phase. 


period, some diminution in polydipsic intake would be ob- 
served. The purpose of the present study then was to inves- 
tigate the effect of a relatively long rest period, approx- 
imately six months, on polydipsic intake. This particular 
period was chosen because it is well beyond the range of 
intervals that generally support sensitization [16, 17, 22]. As 
such, this period should maximize the probablity of observ- 
ing some loss in polydipsic intake. 


METHOD 


Subjects 


Four male Dublin-Sprague-Dawley rats maintained at 
80% of their free-feeding weight via food deprivation served. 
They had received brief exposure to several reinforcement 
schedules in an undergraduate introductory psychology lab- 
oratory, but had no history of SIP. They were approximately 
90-days old at the start of this experiment. 


Apparatus 


Four standard rodent operant conditioning chambers 





were used (BRS/LVE Model 1310). A water bottle was 
mounted outside the chamber, and the spout extended ap- 
proximately 3 mm into the chamber through an aperture, 
approximately 1.5 cm in diameter, located approximately 16 
cm to the right of the food magazine. A houselight provided 
general chamber illumination. White noise masked extrane- 
ous sounds. Programming and data recording were accom- 
plished by standard electromechanical equipment located in 
a room adjacent to the one containing the experimental 
chambers. 





Procedure 


All rats were given 1-hr sessions in which 60 pellets were 
delivered 1 min apart (i.e., a Fixed Time 1-min food 
schedule: FT 1 min), and SIP was allowed to develop (Phase 
1). Sessions were conducted daily and until all rats showed 
little day-to-day variability in the level of water intake. 
Twenty-five sessions were sufficient to meet this criterion. 
Immediately after Phase 1, the rats were given a rest period 
of approximately 6 months during which no sessions were 
conducted and the rats were maintained in their homecages 


SIP: REST PERIOD EFFECTS 


at approximately 80% body weight. After the rest period, the 
rats were then given 22 additional sessions (Phase 2) identi- 
cal to those in Phase 1. 

All sessions for the four rats were conducted simulta- 
neously. Water intake was recorded as the difference in 
water level of graduated tubes which were measured im- 
mediately before and immediately after each session. 


RESULTS 


Figure | shows the daily session water intake for each rat 
prior to the rest period (Phase 1) and after the rest period 
(Phase 2). The mean of the first and last five sessions of each 
phase is indicated near the respective data points. During 
Phase 1, the terminal level of water intake ranged from 21.4 
ml (Rat J2) to 44.7 ml (Rat J3). This terminal level of intake 
represented a 2.4 to 10.2 fold increase in drinking over that in 
the first five sessions and is typical of the range of polydipsic 
intake reported in the literature for rats exposed to food 
pellets spaced 1-min apart (e.g., [7,10]). 

After the rest period, the mean of the first five sessions 
was lower than that of the five sessions preceding the rest 
period for all four rats. For Rats J1, J2, J3 and J4, respec- 
tively, the Mann-Whitney U values are as follows: 0, 2.5, 0, 0 
(all values significant at p<0.05 or less). This decrement in 
polydipsic intake was 55.5%, 10.3%, 32.0% and 29.6% for the 
four rats, respectively. Stated in terms of retention, the four 
rats, respectively, exhibited 44.5%, 89.7%, 68.0% and 70.4% 
retention. 

During the first session of Phase 2, Rat J1 consumed no 
water and Rat J3 consumed only | ml. This result is some- 
what surprising given that these rats consumed all their pel- 
lets. Moreover, these rats had exhibited a non-zero level of 
intake during the first session of Phase 1. Comparison of 
intake during the last five sessions of Phase | with Sessions 
2, 3, 4, and 5 (i.e., exclusion of the Session | data point) of 
Phase 2 still yields a decrease which is statistically significant 
for both rats (Mann-Whitney U=0 for Rat 1 and U=2, 
p<0.05, for Rat 3). 

In Phase 2, two of the rats, J2 and J3, recovered their 
Phase | terminal level of intake. For Rat J2 intake was com- 
parable to that at the end of Phase 2 by Session 5, though 
only after Session 11 was the intake consistently as high as 
the Phase 1 level. For Rat J3, the Phase 1 level of intake was 
recovered by Session 7 and intake continued to increase. 

Neither Rats J1 nor J4 exhibited recovery of their Phase | 
terminal intake after the rest period. For Rat Jl, intake 
throughout Phase 2 was only approximately half that of 
Phase 1, though still within the range of polydipsic con- 
sumption reported in the literature for rats exposed to 1-min 
interpellet intervals (e.g., [7,10]). The slight increase in water 
intake in Phase 2 from the first five days to the last five days 
was not statistically significant (Mann-Whitney U=10), al- 
though water intake over the last 12 days exhibited an in- 
creasing trend. For Rat J4, water intake over the first ten 
sessions after the rest period was relatively constant; after- 
wards intake exhibited a clear increasing trend suggesting 
that perhaps eventually the Phase 1 level would have been 
attained. 


DISCUSSION 


During the initial exposure to the FT 1-min schedule, all 
rats exhibited gradual acquisition of SIP over sessions. This 
well-established characteristic of SIP is consistent with a 
sensitization view of SIP. For all rats, the rest period re- 
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sulted in a decrease in the level of polydipsic intake. For 
three of the four rats, this diminution was quite substantial, 
ranging from 29.6% to 55.5%. As mentioned earlier, Shearon 
and Allen [24] reported that after a 10-week rest period, there 
was no loss of SIP. The present finding that diminution was 
evident after 6 months indicates that the critical period for a 
loss in polydipsic intake is between 10 weeks and 6 months. 

Although polydipsic intake was diminished after the 6 
month rest period, retention of SIP was exhibited in two 
ways. First, the rest period did not eliminate SIP: retention 
of the Phase | terminal level of drinking ranged from 44.5% 
to 89.7%. The fact that there was retention of SIP after this 
rest period raises a number of interesting questions. Specif- 
ically, with longer rest periods would there have been a 
greater loss of SIP? With a sufficiently long rest period, 
would there have been a complete loss of SIP? Or would 
there be some minimal performance regardless of the length of 
the rest period? Given that most sensitization studies have 
not explicitly examined the time required for complete loss 
of sensitization, the possibility clearly exists that for some 
responses complete loss of sensitization does not occur. 

Retention of SIP was also reflected in the comparison 
between the first five days of each phase: all subjects drank 
more at the outset of Phase 2 than they had at the outset of 
Phase 1. This retention did not necessarily result in a faster 
attainment of the Phase 2 terminal level of drinking. In fact, 
only two of the rats, Rats J2 and J3, attained the Phase | 
terminal level. They did so within five to seven days. For the 
other two rats, however, the Phase | terminal level was not 
attained though drinking was still increasing at the end of 
Phase 2. This failure to attain the Phase | terminal level is 
interesting given that for both of these rats the level of drink- 
ing in the first five days. of Phase 2 was approximately 50% 
higher than that of the first five days of Phase 1. Difficulty in 
re-establishing sensitization, however, has also been de- 
scribed by Pearson and Wenkstern [21]. Perhaps future re- 
search on rest period effects on SIP will also show this to be 
a frequent outcome. 

Viewing SIP as a form of sensitization has theoretical 
appeal. It accounts for both the developmental aspects of 
SIP and it accounts for the diminution observed after a long 
rest period. Moreover, it has the advantage of parsimony in 
that SIP is viewed simply as a known form of nonassociative 
learning, i.e., sensitization, and not a unique or special class 
of behavior [9]. Obviously much additional research is re- 
quired to test the adequacy of a sensitization approach to 
SIP. For example, if sensitization underlies SIP acquisition 
and maintenance, then temporal variables such as session 
length and intersession interval should be important varia- 
bles in the acquisition and maintenance of SIP. We are cur- 
rently investigating such effects. The present finding that a 
long rest period produces a diminution in polydipsic intake 
certainly suggests that the sensitization perspective is 
worthwhile to pursue. 
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Editorial 


The introduction of the new Software Survey Section to 
Physiology & Behavior is to encourage the open exchange of 
information on software programs unique to our professional 
field. With the rapid penetration of computers into academic 
and industrial institutions has come a parallel increase in the 
number of scientists and researchers designing their own 
software. The existence of much of this software remains 
unknown to even those of us who could most benefit from its 
use. We believe that it is of vital importance to our readers 
that such information be made available. We believe also 
that a professional journal is the best place to share such 
information. Your contribution would be most welcome. 

The questionnaire on the following page is designed to 
assist you in reporting on software that you may have devel- 
oped or be in the process of developing. By completing this 
form, your information will reach thousands of your col- 
leagues who may benefit from your work and may possibly 
offer suggestions for further enhancements to your software. 
Please complete the enclosed form and return it to: 


Dr. Matthew J. Wayner 

Division of Life Sciences 

The University of Texas at San Antonio 
San Antonio, Texas 78285 


We do not intend to review or comment on the contents of 
the questionnaire. It will be published as is, in the next avail- 
able issue, in order to expedite the information cycle proc- 
ess. I would welcome any comments you may have. 
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SOFTWARE DESCRIPTION FORM 


Title of Software Package: 











Itis:[ ] Application Program [ ] Utility {[ ] Other 
Specific Area: (e.g., Thermodynamics, Inventory Control) 
Software developed for [name of computer(s)] 
in [language(s)] to run under [operating system] 
and is available in the following media: 

















[ ] Floppy Disk/Diskette Specify: 
Size Density { ] Single siding { ] Dual siding 
[ ] Magnetic Tape Specify: 
Size Density Character set 
Distributed by: 
Minimum Hardware Configuration Required: 
Required Memory: 
User Training Required: [ | Yes {[ ] No 
Documentation: 
[ ] None [ ] Minimal [ ]Self-documention [ |] Extensive External Documentation 
Source Code Available: [ |] Yes [ ]No 
Level of Development: 
[ ] Design Complete [ ] Coding Complete [ ] Fully Operational 
[ ] Collaboration would be welcomed 
Is software being used currently? [ | Yes [ ] No 
If yes, how long? 
If yes, how many sites? 
Contributor is available for user inquiries? [ |] Yes [ ] No 
Description of what Software does [200 words]: 














Potential Users: 
Fields of Interest: 
Name of Contributor: 
Institution: 
Address: 
Telephone Number: 
Reference number [Assigned by Journal Editor] 
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obese by gestational undernutrition. PHYSIOL BEHAV 37(3) 381-386, 1986.—Undernutrition limited to the first two weeks 
(trimesters) of pregnancy in rats produces a delayed-onset enhancement of body weight and food intake in male but not 
female offspring. Adiposity measures (fat cell size, fat pad weight and carcass lipid content) however, were enhanced only 
in male offspring of previously deprived mothers maintained on a high-fat diet. Previous work had shown that although 
these adiposity differences are enhanced by this diet, hyperphagia was eliminated when animals were switched to the 
high-fat diet as adults. The current study demonstrates that if offspring of deprived animals are exposed to the high-fat diet 


early in life, hyperphagia ensues. Adipocyte number, and circulating triglyceride levels were unaffected by our nutritional 


manipulation. 
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IN two earlier studies [13,14] we reported that rats which 
were food deprived during the first two weeks of pregnancy 
to 50% of their prepregnancy intake levels, gave birth to male 
offspring that develop a delayed-onset hyperphagia and 
obesity. These findings are remarkably similar to earlier 
human data reported by Ravelli et al. [21] following an 
epidemiological analysis of the Dutch Hungerwinter of 
1944-1945. 

In our earlier work we noted that food intake and body 
weight gains were elevated in previously-restricted male off- 
spring when they were maintained on a standard low-fat, 
high-carbohydrate, high-protein diet (Purina lab chow No. 
5001). Adiposity measures however, were unaffected on this 
diet. In contrast, when these same animals were later trans- 
ferred to a high-fat diet, larger differences in body weight as 
well as in adiposity were observed. It thus appears that in 
addition to the enhanced body weight and food intake as- 
pects of this phenomenon while on the chow diet, these 
animals also experience derangements in their ability to 
metabolize diets which are high in fat content. In our earlier 
studies, animals were not exposed to the high-fat diet until 
adulthood and we were thus unable to assess developmental 
aspects of the increased adiposity induced by this diet. Of 
further interest from our earlier work was the finding that 
increased body weight and adiposity effects occurred while 





on the high-fat diet despite the fact that intake of this diet did 
not exceed control levels [14]. One possible factor that may 
underlie this normophagia of a high-fat diet is that animals 
were transferred to the diet as adults and that some aspect of 
a change in diet per se may have contributed to the reduction in 
caloric intake to normal levels. It has been repeatedly 
demonstrated that diet preferences in rats are established 
early in life and result in part from exposure to specific tastes 
[10]. Further, it has been shown that animals are willing to 
consume more of what is generally considered a less palata- 
ble diet as a result of early social influences [9]. Since obese 
animals are frequently more sensitive to taste preferences 
than their counterparts [18] it is not unreasonable to suspect 
that they might be more sensitive to changes in diet as adults. 

In our earlier studies [10,11] the increased adiposity in 
male offspring of previously-deprived mothers was charac- 
terized by adipocyte hypertrophy, no effect on fat cell 
number was observed. Our failure to observe an increase in 
cell number however, may have resulted from rats not being 
exposed to the high-fat diet for a sufficient length of time to 
trigger adipocyte proliferation [15]. 

DeGasquet et al. [5] have suggested that high levels of 
circulating triglycerides, particularly in rats on high-fat diets, 
may result in enhanced rates of lipid incorporation into 
adipose tissue despite the low lipoprotein lipase (LPL) ac- 


!These data were presented in partial fulfillment of the requirements for the degree Doctor of Philosophy. 
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FIG. 1. Mean body weight curves of rats born to mothers who were either food 
restricted during the first two trimesters of pregnancy and then re-fed ad lib (Exptl.) 
or given unlimited access to food during gestation (Cont.). Offspring were weaned 
on day 24 onto either a high-fat or standard Purina lab chow. 


tivity typically associated with high-fat feeding. It is thus 
possible that our earlier findings [14] showing no difference 
in LPL activity between previously-restricted and non- 
restricted offspring may not accurately reflect the dynamics 
of lipid uptake. 

In the present study, animals were weaned directly onto 
the Corbit and Stellar [4] high-fat diet at 24 days of age. This 
procedure avoids the change in diet in adulthood which 
characterized our previous work and also should provide 
ample opportunity for adipocyte proliferation to occur. We 
also analyzed plasma triglyceride levels in this study to 
assess their role in the ontogeny of this obesity. 


METHOD 


Twenty-five female Sprague-Dawley rats (Charles River 
Breeding Laboratories) were housed individually and given 
ad lib access to powdered Purina lab chow No. 5001. Daily 
food intake and body weight measurements were recorded 
for a period of two weeks. Females were then mated and the 
first day of pregnancy was determined by examination of 
vaginal smears for the presence of sperm. Following impreg- 
nation, females were transferred to plastic maternity cages 
and alternately assigned to experimental and control condi- 


tions. Rats in the experimental condition were immediately 
food restricted to 50% of their prepregnancy intake and re- 
mained restricted until day 14 of gestation at which time they 
were returned to ad lib feeding. Rats in the control condition 
were fed ad lib throughout the gestational and suckling 
periods. At birth, litters which met the acceptance criterion 
of birth within one day of the expected delivery date (22 days 
after the detection of sperm) were culled to 4 males and 4 
females each. Rats were maintained on a Purina chow diet 
until weaning on day 24. 

At weaning, males and females of each litter were sepa- 
rated and a wire mesh divider was inserted into each cage. 
Two like-sexed lettermates were placed on one side of the 
divider and received the high-fat diet while the remaining 
two littermates on the other side of the divider received the 
standard Purina lab chow diet. Food intake and body weight 
measurements were recorded every fifth day post weaning 
until sacrifice. 

On days 46 and 220 one male and female rat from each 
diet condition was sacrificed by decapitation and its 
epididymal, parametrial, and retroperitoneal fat pads were 
rapidly dissected. Tissues were processed for fat cell size 
determination by the method of Clarkson et al. [3]. Follow- 
ing lipid extractions [20], estimates of fat cell number were 
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FIG. 2. Mean daily caloric intakes of rats born to mothers who were either food 
restricted during the first two trimesters of pregnancy and then re-fed ad lib (Exptl.) or 
given unlimited access to food during gestation (Cont.). 


calculated by dividing corrected pad weight (actual weight x 
% lipid) by mean adipocyte weight [11]. Excess fat was re- 
turned to the carcass which was then shaved, eviscerated 
and processed for composition analysis according to the 
method of Leshner, Litwin and Squib [16]. In addition, on 
day 220, approximately 5 ml of blood was collected in chilled 


heparinized tubes following decapitation. Analyses of 
plasma triglyceride and glycerol levels were subsequently 
conducted according to the methods of Bucolo and David 
[1], and Wieland [22]. 

Body weight and food intake data were analyzed using 
BMDP program P2V for analysis of variance (ANOVA) with 
repeated measures [6]. Individual comparisons between con- 
trol and experimental animals were made using the same 
P2V program with the alpha level of protection distributed 
across sets of comparisons. Metabolic efficiencies (body 
weight gain/kcal consumed) were calculated for days 104— 
144 and analyzed with a l-way ANOVA. Adiposity measures 
(adipocyte size and number, and pad weight), carcass com- 
position, and plasma triglycerides were analyzed with 3-way 
ANOVA’s followed by 1-way ANOVA’s at the appropriate 
levels of comparisons. 


RESULTS 
Body Weight 
Although at birth, litter sizes and pup weights were 


equivalent across treatment conditions, male experimental 
rats maintained on either the chow diet or the high-fat diet 


gained significantly more weight after weaning than their 
similarly fed control counterparts, F(8,120)=2.17, p<0.05; 
F(8,112)=12.35, p<0.001, respectively (Fig. 1). In females 
however, no differential effects on body weight were evident 
as a function of diet. These ‘‘male only’’ effects on body 
weight resulted in significant Days x Sex x Treatment, 
F(8,496)=8.97, p<0.001, and Days x Sex x Diet x Treat- 
ment, F(8,496)=4.8, p<0.001, interactions. 


Caloric Intake 


Experimental male rats fed either the high-fat or chow 
diet ate significantly more than their respective controls, 
F(1,14)=9.06, p<0.01; F(1,15)=48.98, p<0.001, respectively 
(Fig. 2). In females however, experimental rats in both diet 
conditions ate approximately the same amount of food as 
their control counterparts. This male-female difference is re- 
flected in a significant Days x Sex <x Treatment interaction, 
F(8,496)=3.4, p<0.001. 

Metabolic efficiency (weight gain/grams intake) was sig- 
nificantly elevated relative to controls in male, but not 
female experimental animals maintained on the high-fat diet 
(0.038+0.002 vs. 0.023+0.003 for males; 0.0112+0.002 vs. 
0.0109+0.001 for females), F(1,13)=7.1, »><0.025. No treat- 
ments effects on metabolic efficiency occurred in male rats 
fed the chow diet or in female rats on either diet. 


Adipose Tissue Measures (46 Days Old) 


Epididymal and retroperitoneal fat pads from experi- 
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FIG. 3. Male adiposity (day 220) mean fat pad weight, fat cell diame- 
ter, and fat cell number in rats born to mothers who were either food 
restricted during the first two trimesters of pregnancy and then 
re-fed ad lib (Exptl.) or given unlimited access to food during gesta- 
tion (Cont.). Offspring were weaned on day 24 onto either a high fat 
diet or standard Purina lab chow. (*p<0.05, **p<0.01). 


mental male rats weaned onto the high-fat diet were signifi- 
cantly heavier at 46 days of age than were those from control 
male counterparts (2.12+0.21 vs. 1.49+0.14, F(1,14)=7.73, 
p<0.025 for the epididymal pad; 2.06+0.23 vs. 1.17+0.19, 
F(1,14)=10.89, p<0.01 for the retroperitoneal pad). A simi- 
lar increase was seen in the parametrial pad of experimental 
female rats maintained on the chow diet (0.79+0.13 vs. 
0.45+0.08, F(1,14)=5.73, p<0.05). No reliable experi- 
mental/control differences were seen in the retroperitoneal 
pad of chow-fed females, nor were they seen in male rats 
weaned onto the chow diet. 

Fat cell size was significantly elevated in experimental 
male rats maintained on the high-fat diet (71.0+1.8 vs. 
64.0+1.4, F(1,14)=11.72, p<0.01 for the epididymal pad; 
91.5+4.1 vs. 73.66+3.52, F(1,14)=12.73, p<0.01 for the re- 
troperitoneal pad) but not in those fed the chow diet. Con- 
versely, in females, fat cell size was significantly elevated in 
experimental rats maintained on the chow diet (60.8+5.05 
vs. 49.67+2.6, F(1,13)=4.81, p<0.05 for the parametrial 
pad; 61.0+3.4 vs. 51.9+2.3, F(1,13)=5.89, p<0.05 for the 
retroperitoneal pad) but not in those fed the high-fat diet. 

No significant treatment effects were seen for estimated 
fat cell number in either male or female animals regardless of 
diet condition. A reliable increase in percent carcass lipid 
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FIG. 4. Female adiposity (day 220) mean fat pad weight, fat cell 
diameter, and fat cell number in rats born to mothers who were 
either food restricted during the first two trimesters of pregnancy 
and then re-fed ad lib (Exptl.) or given unlimited access to food 
during gestation (Cont.). 


(14.95+1.1 vs. 11.06+0.93, F(1,14)=8.47, p<0.025) oc- 
curred in experimental male rats on the high-fat diet. This 
increase was accompanied by significant decreases in per- 
cent water (62.49+0.86 vs. 65.08+0.64, F(1,14)=6.95, 
p<0.05) and percent protein (14.33+1.11 vs. 10.93+1.01, 
F(1,14)=5.58, p<0.05). Carcass composition was not signifi- 
cantly altered in male rats maintained on the chow diet nor in 
female rats fed either diet. 


Adipose Tissue Measures (220 Days Old) 


Experimental male rats maintained on the high-fat diet had 
significantly increased epididymal and retroperitoneal pad 
weights, F(1,16)=9.27, p<0.01; F(1,16)=7.64, p<0.025 re- 
spectively, with significantly enlarged component adipo- 
cytes, F(1,16)=8.71, p<0.01; F(1,16)=8.68, p<0.01, at 220 
days of age (Fig. 3). 

Although a similar trend occured in female animals (Fig. 
4) on the high-fat diet none of the differences proved statisti- 
cally reliable. Neither pad weight nor cell size were affected 
in male or female rats maintained on the chow diet. Esti- 
mated fat cell number was not altered as a function of treat- 
ment under any condition. 

Percent Carcass lipid (Fig. 5) was significantly increased, 
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FIG. 5. Carcass composition (day 220) lipid, water, protein and ash 
components expressed as % wet tissue in rats born to mothers who 
were either food restricted during the first two trimesters of preg- 
nancy and then re-fed ad lib (Exptl.) or given unlimited access to 
food during gestation (Cont.). (*p<0.05). 


F(1,16)=6.15, p<0.025, while percent water was signifi- 
cantly decreased, F(1,16)=5.45, p<0.05, in male experi- 
mental rats fed the high-fat diet. A similar non-significant 
trend in carcass composition occurred in females, however 
no effects were seen in either male or female animals main- 
tained on the chow diet. 


Plasma Triglycerides 


Plasma triglyceride levels were not reliably altered by 
treatment conditions. 


DISCUSSION 


Results from the present experiment confirm our earlier 
findings [13,14] showing that the effects of early gestational 
undernutrition on food intake, body weight, and adipose tis- 
sue cellularity are dependent on sex and diet. Significant 
increases in body weight, fat pad weight, fat cell size and 
percent body fat were found in experimental male rats fed 
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the high-fat diet. In contrast no differences in any of these 
parameters appeared in experimental females maintained on 
either diet. These data also demonstrate that when young 
animals are exposed to a high-fat diet, significant differences 
in male adiposity can be detected as early as 46 days of age. 

The present results also suggest that experimental male 
rats may be particularly sensitive to as yet unidentified fac- 
tors associated with a change in diet per se. In contrast to our 
earlier studies, when these animals are fed the high-fat diet 
from weaning, rather than being transferred to it as adults, 
hyperphagia ensues. 

The increase in adiposity in male experimental animals 
maintained on the high-fat diet is strictly accounted for in 
terms of an increase in the size of individual adipocytes de- 
spite the fact that rats were maintained on the high-fat diet 
from weaning until 220 days of age. Although these findings 
are not irreconcilable with an adipocyte “‘trigger’’ hypoth- 
esis [15], one would expect that if fat cell proliferation is 
induced when adipocyte size reaches some critical *‘trigger- 
ing’’ level, then proliferation should be more pronounced in 
animals with larger mean cell diameters. This however was 
not the case. These data also question the assumption that 
early nutritional status inevitably influences subsequent 
adiposity through changes in adipocyte number with adipo- 
cyte size remaining relatively unaffected [8]. Indeed, in the 
present study, the exact opposite appears to be the case. 

The fact that neither plasma triglyceride levels in the cur- 
rent study nor lipoprotein lipase activity in our previous 
work [14] were affected by gestational undernutrition 
suggests that differential uptake of lipids into adipocytes may 
not be an important factor in the etiology of this obesity. This 
contrasts with findings from a number of other animal mod- 
els of obesity. This contrasts with findings from a number of 
other animal models of obesity (e.g., the Zucker fa/fa rat [1] 
and hypothalamically lesioned rats [17]) in which elevated 
LPL levels are important in the development of obesity. If 
the increased adiposity observed in our animals cannot be 
accounted for by increases in either food intake or lipid up- 
take then perhaps the problem lies in either decreased 
lipolytic capabilities or energy expenditure. We have already 
noted that locomotor activity in these animals appears to be 
unaffected [13]. In recent years the role of thermogenic defi- 
cits in obesity have been emphasized. The potential role of 
such deficits either in brown adipose tissue metabolism [1] or 
in liver P-450 monooxygenase activity [7] is currently being 
investigated in these animals. 

Because Ravelli [21] surveyed only male inductees, it is 
not known what impact early gestational undernutrition had 
on the incidence of obesity in women born to mothers who 
experienced the Dutch Hungerwinter. A more recent 
epidemiological investigation however, may provide some 
insight. In the ‘‘ Bogata’’ study [19] groups of pregnant, mal- 
nourished women received nutritional rehabilitation begin- 
ning in the seventh prenatal month. Male offspring born to 
these women showed no dificits in birth weight was com- 
pared to offspring of well nourished women. Female off- 
spring in contrast, were born relatively underweight. Al- 
though adult data on these offspring are not yet available, the 
existence, at birth, of sex differences in body weight after 
early gestational undernutrition suggests that such differ- 
ences may also appear in adult humans. 
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DAVIS, H. P., J. TRIBUNA, W. A. PULSINELLI AND B. T. VOLPE. Reference and working memory of rats following 
hippocampal damage induced by transient forebrain ischemia. PHYSIOL BEHAV 37(3) 387-392, 1986.—Acquisition of 
reference and working memory was evaluated in an animal model of cerebral ischemia. Rats were subjected to 30 minutes 
of transient forebrain ischemia, allowed to recover, and then tested for 95 trials on an 8-arm maze with 5 arms baited. 
During the 95 trials post ischemic (PI) rats made significantly more working and reference errors than controls (p<0.05). 
However, an analysis of the last 20 trials (75-95) showed that while PI rats and control rats had comparable reference 
memory (p>0.8). PI rats tended to have a persistent working memory deficit compared to controls (p<0.06). Subsequent 
morphologic analysis showed that PI rats had almost complete loss of pyramidal neurons in the anterior CA1 region of the 
hippocampus, moderate to severe loss in mid-dorsal posterior hippocampus, and less damage to the dorsolateral striatum. 


These results suggest that the PI animal is a reasonable model for the permanent behavioral impairment and pathologic 


damage found in some human survivors of cardiac arrest. 
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CARDIAC arrest is a common medical problem, and al- 
though mortality has improved, sensorimotor deficits and 
cognitive disturbances may cause persistent morbidity in 
many of these survivors [1, 3, 5, 12]. Some survivors have 
demonstrated a fairly circumscribed amnesic syndrome 
characterized by impaired learning and memory of events 
after their injury, and a gradient of memory loss for premor- 
bid events [3, 20, 21, 25]. Post mortem neuropathologic 
examination of patients with cardiac arrest has revealed 
marked loss of specific populations of neurons highly vul- 
nerable to ischemia [2]. Post mortem studies of patients who 
had cardiac arrest and who also had ante mortem behavioral 
studies have shown the most severe damage in hippocam- 
pus, particularly the CA1 region [4,22]. 

We have been investigating an animal model that demon- 
strates some of the morphologic and the behavioral conse- 
quences of cerebral ischemia that follow cardiac arrest in 
humans. Investigators have shown that rats subjected to 


controlled transient occlusion of the major vessels to the 
brain develop reproducible and quantifiable morphologic 
brain injury that appears most severe in the CAI region of 
the hippocampus [11, 16, 17, 19]. However, few studies have 
objectively addressed long-term functional changes in the 
behavior of animals exposed to global cerebral ischemia 
[23,24]. One of the advantages of this model is that the 
majority of animals subjected to 30 minutes of ischemia sur- 
vive indefinitely, and it is therefore possible to characterize 
and quantify their behavior long after recovery from the 
acute insult. The present study replicates and extends a pre- 
vious investigation to determine whether ischemic-induced 
neuronal damage in the rat, and in particular damage to CAI 
hippocampal neurons, results in permanent learning and 
memory impairments similar to humans [24]. 

A radial 8-arm maze task was used to assess behavior 
because it has been demonstrated that rats with hippocampal 
damage perform differently on two aspects of this task [13]. 
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In the radial maze it is possible to measure both reference 
performance (entering baited arms only) and working per- 
formance (not re-entering a baited arm after the food is 
taken) by always baiting the same 5 arms of the 8-arm maze 
on all trials. That is, reference performance requires the 
animal to learn that 5 of 8 arms are baited, and that these 5 
baited arms remain contant relative to room cues for all 
trials. Working performance requires the rat to remember 
from which arms food has been taken so as not to re-enter 
that arm during a particular trial. The reference memory 
component includes many repetitions of invarant material 
that is useful over any and all trials, while the working mem- 
ory component requires the retention of trial specific infor- 
mation that varies across trials. If post ischemic (PI) rats 
showed dissociable reference and working memory, then 
these results would suggest similarities to post cardiac arrest 
amnesia in which patients have deficits in remembering new 
and/or variable information [7]. 


METHOD 
Subjects 


Male Wistar rats (Hilltop, Scottsdale, PA) weighing be- 
tween 250-300 grams served as subjects. Animals were in- 
dividually housed in polyurethane cages (332119 cm) 
throughout the experiment and provided ad lib access to 
water. 


Surgical Procedure 


Rats were subjected to forebrain ischemia by a method 
described in detail previously [16]. Briefly, on Day 1 rats 
were anesthetized by the inhalation of 2.5% halothane mixed 
with 30% oxygen and 70% nitrogen. Atraumatic clasps were 
placed loosely around each common carotid artery without in- 
terrupting blood flow. The vertebral arteries were perma- 
nently occluded by electrocautery at the first cervical ver- 
tebra. Animals were allowed 24 hours of recovery. After 
recovery, operated animals are indistinguishable from con- 
trol animals by electrocephalographic, physiologic, and sub- 
jective behavioral criteria [16]. On Day 2, forebrain ischemia 
was produced in awake rats by tightening the carotid artery 
clasps. Animals that did not become unresponsive within | 
minute were classified as noncriterion shams. The carotid 
artery clasps were released after 30 minutes of occlusion. 
Body temperature was maintained at a minimum of 37°C by a 
heating lamp connected to a rectal thermistor until thermal 
homeostasis was restored. Control rats were subjected to 
halothane anesthesia and skin incisions. Previous behavioral 

assessments detected no differences between controls and 
vertebral cautery control rats exposed to halothane and oc- 
clusion of the vertebral arteries [24]. Animals were allowed 
30 days of postoperative recovery. After 2-3 weeks there 
was no weight difference between control rats and operated 
rats. It was not possible to distinguish operated from un- 
operated rats by observation of feeding, grooming, or explor- 
ing habits. 


Behavioral Apparatus and Procedure 


Rats were tested in a radial 8-arm maze described previ- 
ously [15,24]. Briefly, each arm (60x 10 cm) projected from a 
center platform (65 cm wide) and had clear Plexiglas rails (20 
cm high) on all sides. A recessed food hole (3.4 cm in diame- 
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ter) was at the end of each arm. The test room was rich in 
stationary extramaze stimuli. 

Thirty days postoperatively the PI and control rats were 
started on a partial food deprivation schedule and by trial 15 
all animals had reached 80% of their ad lib weight. 

Maze adaptation was started after 1 day of food depriva- 
tion. Individual rats were allowed to explore the maze for 15 
min on 3 consecutive days. On Day 1 food pellets (94 mg, 
Bio-Serv, Frenchtown, NJ) were scattered over the entire 
surface of all eight arms. On Day 2, pellets were scattered at 
the end of five of the eight arms. The five baited arms for all 
rats were the same relative to room cues. However, the 
maze was rotated 90° between the testing of each rat to pre- 
vent the use of odor cues on a given day and the use of any 
intramaze cues over days. On Day 3, pellets were placed in 
the recessed food holes of the five baited arms. 

For training, rats were given 1 trial each day during which 
a single pellet was placed in the food hole of the 5 baited 
arms. A rat was placed on the center platform facing a ran- 
domly selected arm and allowed to make arm choices until 
either all 5 pellets were taken, a total of 16 choices were 
made, or 10 minutes elapsed. Immediately after a trial the rat 
was returned to its home cage and given its additional food 
for the day. 

During a trial, an initial entry of a baited arm was consid- 
ered a correct choice, an initial entry of an unbaited arm was 
considered a reference memory error, and re-entry of a pre- 
viously chosen baited arm was considered a working mem- 
ory error. Thus, a rat could make a reference error or a 
working error. Rats received a total of 95 trials. Trials 1-20 
were not included in the behavioral analysis because all rats 
were not making 16 choices or obtaining the 5 pellets within 
10 minutes. By trial 20, all rats were completing their trial 
within 10 minutes. Rats were assigned a code number at the 
time of transient forebrain ischemic injury so that behavioral 
training was blind. All trials were between 7 a.m. and 11 a.m. 


Neuropathologic Procedure 


After a | month period of recovery from transient is- 
chemia and 98 days of behavioral training, all PI and sham 
operated rats were decapitated. Their brains were rapidly 
removed from the skull and frozen in Freon-12 chilled to 
—70°C in dry ice as described previously [18]. Coronal sec- 
tions (20 wm thick) were taken at the approximate level of 
the anterior commissure (Bregma —0.3 mm), anterior hip- 
pocampus (Bregma —3.3 mm) and posterior hippocampus 
(Bregma —5.3 mm), and were stained with hematoxylin and 
eosin. Regional tissue damage was graded with a light micro- 
scope by two of the authors without knowledge of the exper- 
imental conditions. Ischemic neuronal damage was graded 
on a scale of 0-3 with 0=normal brain, 1=a few neurons 
damaged (as few as one neuron damaged), 2=many neurons 
damaged, 3=majority of neurons damaged. A _ neu- 
ropathologic score for each region was calculated by 
summing the grade of damage for both hemispheres of rats 
within a group and dividing by the number of rats to obtain a 
mean grade of damage. 


RESULTS 
Neuropathology 


The distribution and severity of ischemic neuronal injury 
are presented in Table 1. 
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TABLE | 
SEVERITY AND DISTRIBUTION OF ISCHEMIC BRAIN DAMAGE 





Mean (+ SD) Neuropathologic Score 


Sham 
Operated 
n= 13 


Post Non-Criterion 
Ischemic Shem 
n= 10 n= 6 





Neocortex 
Anterior 
Posterior 


Anterior Hippocampus 
CA-1 
CA-2 
CA-3 


2.95 + 0.22 


Posterior Hippocampus 
Superior Anterior 
Subiculum 
CA-1 
CA-2 
CA-3 


1.77+0.93 0.75 + 1.2 
0.1 + 0.3 0 


Striatum 
Thalamus 





The five month survival period after forebrain ischemia 
allowed sufficient time for astrocytic and microglial reac- 


tions to obscure lesser grades of neuronal damage. For 
example, microvacuolization, shrunken neurons with incrus- 
tation, or homogenizing cell change, typical transition stages 
that characterize ischemic injury were not present [2]. 
Therefore, quantification of neuronal damage in this study 
was accurate only in brain regions showing moderate to se- 
vere injury. Brain sections from the anterior hippocampal 
section (Bregma —3.3 mm) of a control rat and PI rat are 
shown in Fig. 1A and 2A, respectively. These sections show 
the selective loss in the anterior CAI hippocampal neurons 
in PI rats. Loss of CAl neurons appeared complete in 
anterior hippocampal secions. Moderate to severe damage to 
the CAI region extended to the mid-dorsal posterior hip- 
pocampus (Bregma —5.3 mm), but, no PI animal had lateral 
dorsal posterior CA1 injury. Mild to moderate damage to the 
subiculum was confined to the mid-dorsal posterior hip- 
pocampus. 


Behavior 


Individual trials were averaged into blocks of five trials, 
and then a multiple analysis of variance (MANOVA) with 
repeated measures using group and blocks of trials as inde- 
pendent variables was performed on each type of error. The 
scores of control and noncriterion sham rats were pooled 
because there was no detectable behavioral difference, 
F(1,17)<1.0, p>0.5, and noncriterion shams showed no hip- 
pocampal pathology. The mean number of reference errors 
and working errors in blocks of 5 trials are shown in Fig. 3 
and Fig. 4, respectively. 

Control rats (combined control and noncriterion shams, 
N= 19) and PI rats (N=10) demonstrated improved reference 
performance over trials, F(14,378)=17.70, p<0.001. The PI 


389 


rats, however, made significantly more reference errors than 
control rats, F(1,27)=6.85, p<0.025. There was a significant 
group x trial interaction, F(14,378)=3.40, p<0.001. Simi- 
larly, PI rats and control rats showed significantly improved 
working memory performance over trials, F(14,378)=9.51, 
p<0.001, and PI rats made more working errors than control 
rats, F(1,27)=4.13, p<0.05. There was an interaction be- 
tween group and trial, F(14,378)=2.17, p<0.01. 

The significant group x trial interaction for both refer- 
ence and working performance is likely due to the initial poor 
performance of the PI rats. In later trials, the difference be- 
tween PI rats and control rats appears small for working 
performance, and there appears to be no difference for refer- 
ence performance (see Figs. 3 and 4). To examine the 
possibility that reference and working memory performance 
recovered, a MANOVA with repeated measures was per- 
formed on the last 20 trials. No significant difference was 
detected between PI rats and control rats for reference per- 
formance, F(1,27)<1.0, p>0.60, and no significant trial or 
group x trial effect was detected, F(3,81)<1.0, p>0.50; 
F(3,81)<1.0, p>0.60, respectively. Thus, both PI and con- 
trol rats were performing maximally on the reference aspect 
of this task. For working performance, there was a tendency 
for PI rats to make more working errors than control rats, 
F(1,27)=3.94, p<0.06. However, there was no significant 
effect over trials, F(3,81)<1.0, p>0.50, and there was no 
group x trial interaction, F(3,81)<1.0, p>0.90, suggesting 
that working performance would not further improve. 


DISCUSSION 


This study confirms that reference memory recovers in PI 
rats with CAI hippocampal damage [24]. That is, there was 
no difference in the performance of PI rats and control rats 
during their last 20 training trials, a point in training when 
reference performance of all rats was maximal. These results 
are also consistent with a previous finding of a small but 
persistent deficit in working memory [24]. Working perform- 
ance during the last 20 trials was maximal for both PI and 
control rats as indicated by the lack of an interaction or an 
effect over trials. However, there was a tendency for PI rats 
to make more working errors than control rats (p<0.06). 

The behavior of PI rats on a radial maze is similar in 
several respects to that observed in rats with focal hip- 
pocampal damage caused by aspiration or neurotoxin le- 
sions. First, like rats with focal hippocampal damage, PI rats 
demonstrate impaired working memory when they are not 
pretrained. For example, Jarrard [10] has demonstrated in 
rats impaired acquisition of working memory after aspiration 
of CA1l. Handelmann and Olton [6] reported similar results 
for rats subjected to kainic acid lesion of CA3. Secondly, rats 
pretrained and then subjected to focal hippocampal damage 
have normal retention of reference memory. Rats pretrained 
on a radial maze prior to either CAl-alveus lesions [9] or 
CA3 lesions [8] demonstrated normal retention of reference 
memory when returned to the maze. Similarly, we reported 
preliminary results showing that PI rats trained preopera- 
tively in an 8-arm maze with 5 baited arms, and then subjected 
to ischemia, performed normally on the reference aspect of 
the task when returned to the maze after 1 month of recovery 
[23]. Thus, like rats with kainic acid or aspiration lesions of 
hippocampus, PI rats have impaired working memory during 
acquisition, but when pretrained show normal retention of 
the reference component of the radial arm maze. 
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FIG. 1. (A) Photomicrograph of normal rat brain demonstrating coronal section through the anterior hippocampus. (B) Inset indicates 
normal pyramidal neurons. H and E, original magnification x 10 for 1A, x 400 for 1B. 


FIG. 2. (A) Photomicrograph of post ischemic rat brain demonstrating coronal section through the anterior hippocampus. (B) Note the 
absence of pyramidal neurons. Inset indicates pyramidal cell loss, original magnification x 10 for 2A, x 400 for 2B. 
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FIG. 3. Mean reference errors for PI (N=10) and control rats 
(N=19) in blocks of 5 trials. The SEM for PI rats ranged between 
0.12 and 0.37, and for control rats between 0.09 and 0.18. 


In contrast to these similarities, the initial acquisition of 
reference memory is markedly delayed in PI rats first trained 
on the radial maze postoperatively. Olton er al. [13] suggest 
that reference memory is spared in rats with damage to the 
hippocampal system. Indeed, if rats are pretrained prior to 
fimbria fornix transection, reference memory is impaired in 
the early postoperative trials compared to controls, but 
rapidly recovers [14]. The improvement in our PI animals is 
slower and occurs over 65 trials. However, this impairment 
of reference memory does not appear to be a nonspecific 
performance effect that follows ischemic injury. We have 
shown that animals pretrained on a reference task, and then 
subjected to ischemic injury had reference memory com- 
parable to control animals when returned to the maze after 
recovery from ischemic injury [23]. It may be that ischemic 
injury has a more severe effect on acquisition of reference 
memory than fimbria fornix section. That is, ischemic injury 
in our hands appears to have a more disruptive effect on 
acquisition than on retention of already learned information, 
particularly if the to-be-remembered material does not vary 
over trials. In contrast, the retention of variable working 
memory material is disrupted by either fimbria fornix section 
or ischemia-induced CA1 hippocampal damage. 
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FIG. 4. Mean working errors for PI (N=10) and control rats (N= 19) 
in blocks of 5 trials. The SEM for PI rats ranged between 0.19 and 
0.53, and for control rats between 0.04 and 0.16. 


Like post arrest human amnesics, PI rats have impaired 
learning of new information (both reference and working) 
and permanent impairment of the task specific information 
that varies from trial-to-trial (working memory). Thus, rats 
with CAI hippocampal damage following transient ischemia 
may provide a model for the cognitive disturbances that 
occur after global ischemic injury in humans. This animal 
model has functional impairments and morphologic injury 
that is similar to those that occur in humans after global 
ischemic insult [4,22]. It is possible that the mechanism of 
neuronal damage might also be similar. Thus, in addition to 
providing a model of the functional and morphologic conse- 
quences of cardiac arrest in humans, PI rats may provide a 
useful model for testing the effects of pharmacologic agents 
on these sequelae of ischemic insult. 
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chlordiazepoxide. PHYSIOL BEHAV 37(3) 393-396, 1986.—Rats moved to novel environments for a 20 minute period 
showed increased plasma corticosterone levels—the greater the difference between the housing context and the novel 
environment, the greater the increase in corticosterone. Plasma glucose levels (PGL) also increased with increasing 
environmental novelty and these PGL changes were moderated by pretreatment with chlordiazepoxide (10 mg/kg). The 
increases in corticosterone and PGL were greater in a context previously shown to lead to hyperglycemic conditioning 
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imply that the directionality of glycemic conditioning may be related to the initial stressfulness of the conditioning environ- 
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THE repeated administration of exogenous insulin in a given 
stimulus context may lead to conditioning such that the ad- 
ministration of a placebo in that context will lead to changes 
in plasma glucose levels (PGL). For example, Woods has 
found that rats injected with isotonic saline, in a context in 
which they had previously received insulin injections, be- 
come hypoglycemic compared to animals which have re- 
ceived only saline injections in that context [24, 25, 28]. The 
hypoglycemic conditioned response (CR) may be blocked by 
vagotomy or atropine injection [7,24]. This hypoglycemic 
conditioning is possibly mediated by the passage of the ex- 
ogenous insulin into the central nervous system and the sub- 
sequent release of endogenous insulin from the pancreas [2]. 
On the test day for conditioning this reflex may be activated 
by the CS [2, 24, 25]. 

However, hypoglycemia is not the only CR that has been 
obtained following insulin administration. In a series of ex- 
periments, Siegel [19,20] reported a hyperglycemic CR fol- 
lowing repeated insulin injections in a given context. Siegel’s 
interpretation of his results was that the CR developed as a 
compensatory response, offsetting the effects of the insulin 
administration. On the test day for conditioning, when insu- 
lin is not administered, the CR appears as hyperglycemia. In 





our studies we have obtained both hyper- and hypoglycemic 
CRs [5-7]. 

What is the explanation for these diverse findings? One 
possibility is that the nature of the CR that is obtained is 
influenced by the nature of the conditioned stimulus (CS), a 
finding that has been reported in more traditional Pavlovian 
conditioning paradigms [12]. In fact, in our studies the 
hyperglycemic and hypoglycemic CRs have been obtained 
under quite different CS contexts. The hypoglycemic CR has 
been obtained when the conditioning trials are administered 
in a context that is much like the animals’ housing condi- 
tions. The hyperglycemic CR, however, occurs when condi- 
tioning is conducted in circumstances that differ radically 
from the home colony room [5-7]. It is quite possible that 
these differences in CS context generate differential stress 
responses and that these stress responses influence the na- 
ture of conditioning. There is substantial literature which 
shows that environmental novelty, in various forms, ac- 
tivates the pituitary-adrenal axis. For example, simply mov- 
ing rats and their housing cages from one place to another 
leads to rapid rise in corticosterone, prolactin, and thyroid 
stimulating hormone [3,18]. Similarly, transporting mice or 
rats to places different from the housing cage leads to the 
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release of epinephrine, norepinephrine, and adrenal cortico- 
steroids [9-11, 13]. Furthermore, the greater the novelty, the 
greater the stress response [10]. These hormonal responses 
are resistant to habituation [9,11]. 

The experiments reported in this paper are concerned 
with the measurement of the corticosterone response and 
PGL response upon first exposure to the environments 
which lead to the different CRs (hypo- and hyperglycemia) in 
conditioning studies. Experiment 2 is also concerned with 
the effects of the tranquilizer chlordiazepoxide on the 
glycemic response elicited by different degrees of environ- 
mental novelty. 


EXPERIMENT | 
Subjects 


Twenty-four naive male Sprague-Dawley derived rats 
purchased from Blue Spruce farms were used as subjects. 
The animals were housed singly in standard metal cages and 
maintained on a 14 hr/10 hr light/dark cycle with ad lib access 
to food and water. The rats weighed approximately 400 
grams at the start of the experiment. Testing was conducted 
approximately two to four hours into the light phase of the 
cycle. 


Apparatus and Procedure 


Testing was conducted in four different environments. 
One group of animals was simply left in their home cages 
(standard metal cages 0.09 m*) undisturbed until they were 
removed for sacrificing. A second group of animals was 
moved to a different cage within the colony room. This cage 
was identical to the housing cage except that it was located 
on an adjacent cage rack and contained no food. A third 
group of rats was transported to another room in the labora- 
tory and placed in metal cages. These metal cages were 
identical to housing cages except that they rested on news- 
papers on a table top instead of in a cage rack. Each also had 
a piece of wood as a cover. The room in which these cages 
were located was brightly illuminated (50 foot candles— 
about the same as the colony room) with fluorescent light. 
This context was referred to as Environment B in our earlier 
conditioning studies and was the location in which a hypo- 
glycemic CR was obtained. The fourth group of rats was 
transported to another room in the laboratory and placed 
inside of black plastic wastebaskets (0.36 m*). The waste- 
baskets had woodchips on the floor and were permeated by 
a menthol odor obtained by placing Mentholatum on pieces 
of paper towel taped to the sides of the wastebaskets. The 
room in which the wastebaskets were located was dimly il- 
luminated (1 foot candle) with incandescent light, and white 
noise was constantly present in the room. This context was 
referred to as Environment A in our earlier conditioning 
studies and was the location in which a hyperglycemic CR 
was obtained. 

Six animals were randomly assigned to each group. The 
animals were run in squads of three—all three going to one 
environment where they were placed one animal per 
cage/wastebasket. The animals were left in their environ- 
ments for twenty minutes and then taken, one at a time, to 
another room in the laboratory where they were immediately 
decapitated and trunk blood was collected over ice. The av- 
erage transportation time was 10-15 seconds per animal. 

The animals moved to Environments A and B were trans- 
ported there in a wooden carrying case mounted on a cart. At 
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FIG. 1. Mean corticosterone level in animals moved to different 
locations. The ‘novel cage’ was in the animals’ colony room, En- 
vironment B was another room in the laboratory similar to the col- 
ony room and Environment A differed from the colony room in 
several respects. These environments are described more fully in the 
text. 


the end of the twenty minute time period they were carried 
by hand, one at at time, to the guillotine room where they 
were given to another Experimenter who operated the guil- 
lotine. This second Experimenter was not aware of the group 
assignment of the rats. The running order of the eight sub- 
groups of three rats was: Env. A; Env. B; Novel cage; Home 
Cage; Home Cage; Env. B; Novel Cage; Env. A. 

The trunk blood was centrifuged and the plasma was 
stored at —20 degrees centigrade for later analysis. The 
plasma was analyzed for corticosterone using the fluoromet- 
ric procedure of Glick, von Redlick and Levine [8]. The 
samples (0.5 ml) were analyzed in duplicate. 


RESULTS 


The mean plasma corticosterone levels obtained in each 
context are presented in Fig. 1. It is clear that the undis- 
turbed animals had the lowest corticosterone levels, the 
animals moved to novel cages in the colony room or to En- 
vironment B had higher, but equivalent, corticosterone 
levels, and the animals moved to Environment A had the 
highest levels of corticosterone. Analysis of variance con- 
firmed these differences. There was a reliable overall Groups 
effect, F(3,20)=17.82, p<0.001, and least significant differ- 


ence tests (p<0.05) supported the group orderings as given 
above. 


DISCUSSION 


These results confirm that simply moving animals to 
novel environments produces substantial corticosterone ele- 
vations that occur within a short period of time. Further- 
more, the responses are graded in that the greater the appar- 
ent difference between the novel environment and the hous- 
ing environment, the greater the corticosterone response. 
This graded corticosterone response to novelty is consistent 
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FIG. 2. Mean plasma glucose levels in animals moved to different 
environments. The novel cage, Environment B, and Environment A 
are as in Fig. 1. All environments are described in the text. Chlor- 
diazepoxide (CDP) moderated the hyperglycemia elicited by move- 
ment to the different environments. 


with that found by Hennessy and Levine [10] and it contrasts 
with the insensitivity of corticosterone levels to graded in- 
creases in electric shock [17]. 

Most importantly, though, the results show that the con- 
text (Environment A) that led to hyperglycemic CRs in pre- 
vious research in our laboratory elicited substantially higher 
corticosterone levels on first exposure than did the context 
(Environment B) that led to hypoglycemic CRs in these ear- 
lier studies [5-7]. The implications of this finding will be 
considered after Experiment 2 is described. 


EXPERIMENT 2 


This experiment is concerned with changes in plasma glu- 
cose levels elicited by exposure to novel environments and 
the effects of the tranquilizer chlordiazepoxide (CDP) on 
these changes. Although corticosterone has a _ potent 
hyperglycemic effect, the regulation of PGL is quite complex 
(e.g., [27]) and it is important to determine if glucose levels 
as well as corticosterone levels change as a function of en- 
vironmental novelty in a manner consistent with our condi- 
tioning results. Evaluation of the effect of CDP is included 
here because we have already found that pretreatment with 
CDP will prevent the occurrence of hyperglycemic condi- 
tioning [6]. Chlordiazepoxide itself may increase corticoste- 
rone levels, but only in doses substantially higher (20 and 40 
mg/kg) than the 10 mg/kg dose used in this experiment. 
Doses within the 3 to 10 mg/kg range do not elevate cortico- 
sterone [14]. 


Subjects 


Forty-eight naive male Sprague-Dawley rats purchased 
from Blue Spruce served as subjects. They were housed and 
maintained as in Experiment 1. The animals weighed approx- 
imately 400 grams at the start of the experiment. 


Apparatus and Procedure 


Three of the four environmental contexts used in Experi- 
ment | were also used in this experiment. These were the 
novel cage in the colony room, Environment A and En- 
vironment B. In addition, a condition was added in which the 
wastebasket was placed in the colony room. The undisturbed 
home cage condition was not included in this experiment. 
Thus, there were four environmental test conditions; Novel 
Cage in colony room, wastebasket in colony room, Environ- 
ment A (wastebasket) and Environment B (metal cage). 
Twelve animals were randomly assigned to each of these 
groups. 

Half of the animals placed in each environment were pre- 
treated with isotonic saline and half with CDP (10 mg/kg). 
The injections were given IP 30 minutes prior to the place- 
ment each day. The animals were exposed to their environ- 
ments for twenty minutes once every other day over a four- 
teen day period. This regimen of seven days of exposure 
corresponds to the usual conditioning experiment in which 
six conditioning trials are given, one every other day, and 
then a test trial for conditioning is administered on the 
seventh exposure. In this study, a blood sample (75 microli- 
ters) was withdrawn from the tips of the rats’ tails following 
the removal of the animals from the apparatus on the seventh 
exposure. The blood was immediately centrifuged and 
plasma glucose levels determined by spectrophotometer 
(Spectronic 88) using the Statzyme Glucose kit manufac- 
tured by Worthington Diagnostics, Freehold, NJ. 


RESULTS 


Mean plasma glucose levels are shown in Fig. 2. The two 
wastebasket conditions (Environment A and Wastebasket in 
colony room) showed higher PGLs than the two metal cage 
(Environment B and Novel Cage in colony room) conditions, 
F(3,37)= 18.00, p><0.001. There was also a clear effect of the 
CDP pretreatment. Animals pretreated with the tranquilizer 
showed lower PGLs than animals pretreated with saline, 
F(1,37)=17.15, p<0.01. The effect of the drug was approx- 
imately equivalent in all environments (interaction F< 1.00). 


DISCUSSION 


The results of these two experiments support earlier 
studies in finding that environments that are graded in 
novelty (degree of difference from housing environment) 
produce graded increases in corticosterone and PGL. Fur- 
thermore, these experiments show that contexts in which 
conditioned hyperglycemic responses have been obtained in 
earlier studies elicit greater corticosterone and plasma glu- 
cose responses than environments which led to hypogly- 
cemic conditioning in earlier studies. This pattern, plus the 
fact that the tranquilizer CDP moderates novelty induced 
PGL increases and prevents the occurrence of conditioned 
hyperglycemia [5] suggests that conditioned hyperglycemia 
is a conditioned stress response. 

However, there are still unanswered questions concern- 
ing glycemic conditioning. For example, since insulin admin- 
istration itself is a potent stressor in the sense of activating 
the pituitary adrenal system (e.g., [1, 16, 29]), why isn’t 
hyperglycemia always the conditioned response to insulin 
administration? As stated earlier, there has been a large 
number of studies in which a conditioned hypoglycemic re- 
sponse has been obtained with insulin as the US (e.g., 
[5,25]). The results of the present experiments suggest that 
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the hypoglycemic CR may be obtained only if the CS en- 
vironment is itself relatively unstressful. Thus, insulin stress 
(presumably from the insulin induced hypoglycemia) [29], is 
itself not sufficient to produce a conditioned stress re- 
sponse. However, insulin stress may act synergistically with 
novelty induced stress so that some aspect of the stress re- 
sponse is conditioned when insulin is administered in a 
stressful context. Thus, in an initially stressful environment, 
animals with a history of insulin injections will show higher 
PGLs than animals with a history of saline injections when 
both are administered saline, but the reverse will occur in an 
initially unstressful environment. The mechanisms of this 
apparent potentiation of an environmental stress by a 
homeostatic stress remain to be elucidated. 

The present results also have relevance to some theoreti- 
cal speculations regarding mechanisms of conditioned drug 
effects. Eikelboom and Stewart [4] argued that a drug may 
have direct or indirect effects on the central nervous system. 
They further suggested that, if the direct effects of the drug 
are conditioned, then the conditioned response should mimic 
the unconditioned response, a result to be expected from 
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stimulus substitution interpretations of conditioning [15]. 
This would seem to be the case in the instances of hypo- 
glycemic conditioning with insulin as the unconditioned 
stimulus. 

However, a drug may produce systemic effects which 
then trigger a central nervous system response to oppose the 
effects of the drug. If these indirect effects of the drug are 
conditioned, then one would expect that the CR would be in 
the opposite direction to the unconditioned response elicited 
by the drug [4]. Such cases in which the CR apparently op- 
poses the action of the US have been referred to as compen- 
satory response conditioning [20-22] or opponent process 
conditioning [23]. 

The results of the present experiments, taken together 
with the earlier glycemic conditioning studies, suggest that 
either direct or indirect effects of a drug may be conditioned 
depending on other aspects of the experimental situation, 
such as the relative stressfulness of the CS in the case of 
glycemic conditioning. Uncovering the mechanisms of this 
interaction will be important for an understanding of the 
process and value of learned modifications of drug action. 
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KUZNICKI, J.T. AND L. S. TURNER. The effects of caffeine on caffeine users and non-users. PHYSIOL BEHAV 37(3) 
397-408, 1986.—This work examined the effects of consuming relatively small amounts of caffeine, from 20 to 160 mg, on 
performance and self-reports of mood in a group of caffeine users. A group of non-caffeine users were studied after 
ingesting 160 mg of caffeine. At regular intervals after consumption subjects were tested on several behavioral measures 
and blood samples were taken for caffeine analysis. Results showed caffeine users had higher blood caffeine levels and 
lower blood pressure at some doses than did non-users. Regular caffeine users showed a tendency toward better perform- 
ance on a rotary pursuit task than non-caffeine users given a placebo treatment. They also experienced a performance 
decrement, relative to users given placebo, when blood caffeine levels were relatively high. Caffeine users showed no sign 
of caffeine withdrawal when compared to non-users before caffeine treatment. Performance of non-users given caffeine 
was poorer than control performance, and they tended not to report altering effects of caffeine. However, in caffeine users, 
the ratio of alertness:tension self-ratings tended to roughly track plasma caffeine with the lowest ratios occurring when 
plasma caffeine peaked after 160 mg dose. Low ratios were also found after 0, 20, and 40 mg caffeine treatments. The ratio 
was highest after 80 mg caffeine, suggesting that an optimum caffeine dose might exist for peak alertness:tension, with 
higher or lower doses resulting in a decrease of that ratio. These data suggest that real or expected mood and perhaps 


performance benefits experienced by caffeine users contribute to the motivation for consumption. 
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THERE are numerous reviews in the literature of the physi- 
ological, health, and behavioral effects of caffeine on hu- 
mans [15, 18, 19, 27, 43, 47, 51]. Besides the most commonly 
known effects such as delayed sleep onset and alertness [11, 
12, 24, 25], caffeine has been reported to be an analgesic 
adjuvant [35], to relieve symptoms of asthma [1], improve 
performance on perceptual restructuring tasks [8], increase 
endurance [51] and have numerous other effects, both posi- 
tive and negative, on consumers. The literature also includes 
many conflicting reports of caffeine’s effects. For example, 
among other things, caffeine has been reported to relieve [20] 
and cause headaches [29], cause anxiety [37], have a calming 
effect [12], increase [31] and decrease [10] reaction time and 
improve [30] and interfere with [11] visual monitoring. 

In addition to the diversity of caffeine’s effects, there also 
exists considerable intersubject variability in both physiolog- 
ical and behavioral response to caffeine. For example, it has 
been found that plasma caffeine half-life, as well as the half- 
life of caffeine metabolites theophylline and theobromine, is 
extended by caffeine use [21, 38, 50]. Further, abstention 
from methylxanthines for several days results in blood caf- 
feine profiles similar to non-users [21]. The reason for this 
difference is not established. One hypothesis is that all 
methylxanthines compete for a limited pool of the same 
enzymes. In regular caffeine users, the pool of available 
enzymes is smaller because a portion of them are already 
occupied [17,38]. This could result in slower metabolism 
even after abstaining from caffeine for a day as some caf- 
feine, and presumably its metabolites, can be detected in the 
blood several days after consumption is stopped [50]. Alter- 


native hypotheses are that metabolism of caffeine might 
occur by intestinal bacteria in non-users [38] or absorption of 
caffeine might be facilitated by habitual use. On the other 
hand, caffeine half-life in male smokers is only about 3.0 hr 
while in male non-smokers it is reported to range from 4.5 to 
7.0 hr [38]. In women taking oral contraceptives, the half-life 
of caffeine is about 10.0 hr [41]. There are also behavioral 
reports that caffeine effects are related to usage history [11- 
13, 25, 26], and it seems likely that smoking and oral con- 
traceptives use would also modify responsiveness to caf- 
feine. 

The caffeine literature is very extensive, but experimental 
protocols have not often been developed for investigation of 
caffeine effects under ecologically relevant conditions [28]. 
For example, optimum conditions for the study of caffeine 
pharmacokinetics typically involve subjects who have fasted 
for at least 12 hr, and are dosed with relatively large amounts 
of caffeine (often 350 mg or more) given in pill form or with 
minimum fluid consumption. A typical cup of coffee, on the 
other hand, contains about 80-100 mg of caffeine and is usu- 
ally consumed in a non-fasted state over 15-30 min. While 4 
cups of coffee could include a total of about 400 mg of caf- 
feine, consumption of that amount by a typical consumer is 
likely to be spread over a few hours and often in association 
with food intake. Furthermore, increased caffeine consump- 
tion is generally accompanied by increased fluid volume 
consumption. 

In this paper we report data examining the relationship 
between caffeine, subjective mood, and performance in a 
situation approaching typical consumption conditions. Male 
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subjects were tested on several performance tasks and also 
self-rated their mood after consuming varying doses of caf- 
feine. Blood samples were also collected at regular intervals 
to allow comparison between plasma caffeine levels and the 
other dependent variables. An additional purpose of this 
work was to examine the motivation for caffeine consump- 
tion. It has been hypothesized that abstinence from caffeine 
results in a mild withdrawal syndrome in regular users [12, 
20, 25]. The symptoms of this syndrome include headache, 
drowsiness and perhaps decreased steadiness. These symp- 
toms are hypothesized to occur after overnight abstinence 
from caffeine and to motivate its consumption in the morn- 
ing. By testing subjects both pre- and post-dosing, we were 
able to determine if any of our measures showed evidence of 
caffeine withdrawal syndrome after only an overnight absti- 
nence. 


METHOD 
Subject 


Subjects were 70 male, non-smokers between the ages of 
30 and 45 years and between 150 and 170 lb. Fifty of the 
subjects were regular caffeine consumers who reported con- 
suming 3 to 5 cups of coffee or the approximate caffeine 
equivalent from other sources on a daily basis. The remain- 
ing 20 subjects were non-caffeine users defined as consuming 
less than | cup of coffee or the caffeine equivalent daily. This 
operational definition of a non-user was necessary because 
caffeine’s ubiquity makes total abstention extremely rare. 
Subjects were established by medical exam as being in good 
health and reported no clinically significant illness in the 2 
weeks prior to the study. Subjects reported no use of any 
OTC or prescription drug for the 1 week prior to the study. 
The goal of this screening was to minimize or control varia- 
bles likely to affect plasma caffeine levels. 


Caffeine Dosage 


Caffeine dosage was according to the design shown in 
Table 1. Doses ranged from levels typically found in carbon- 
ated soft-drinks or tea (20-40 mg/12 oz serving) through 
approximate levels found in | or 2 cups of regular coffee (80 
mg and 160 mg, respectively). These treatments were 
selected to be reasonably representative of caffeine levels in 
available beverages [36]. However, available caffeine, espe- 
cially in coffee, can range from 60-180 mg depending on 
serving size, brewing time, type of coffee beans, etc. The 
caffeine levels selected here are, however, quite typical. The 
control groups received no treatment other than the delivery 
vehicle. Both caffeine users and non-users served as controls 
to allow differential effects of caffeine on users and non- 
users to be examined. Each dosage was given to an inde- 
pendent group of 10 subjects. The caffeine delivery vehicle 
was a solution of 0.045% aspartame, 0.15% citric acid, gum 
arabic to 3 centipoise viscosity, and orange flavor in distilled 
water. This formulation was chosen to make the treatment 
palatable. Coffee was not used as a delivery vehicle as it has 
components other than caffeine suspected of being physiolog- 
ically active [6,16]. The delivery vehicle contained 0.02% 
caffeine and caffeine dosage was varied by having subjects 
consume different volumes of the delivery vehicle. This ap- 
proach was chosen to stay within the FDA regulation on 
caffeine as a food additive (FDA No. 1812.1180) and also 
because typical beverage consumption in everyday settings 
requires that increased volume be ingested if more caffeine is 
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TABLE 1 
EXPERIMENTAL TREATMENTS 





Treatment 
Volume 


Group Treatment Subjects Consumed 





Caffeine Users 
placebo control 
20 mg caffeine 
40 mg caffeine 
80 mg caffeine 
160 mg caffeine 


Non-Caffeine Users 
I placebo control 
2 160 mg caffeine 





desired. The only exception to this is the much less typical 
situation of consuming OTC caffeine pills for alertness. 
Thus, although the design compromises from a_phar- 
macokinetic standpoint by confounding caffeine dose with 
volume, it comes closer to matching the typical daily situa- 
tion. It therefore gains in generalizability to the habits of a 
typical caffeine consuming population. 


Dependent Variables:Behavioral Measures 


Subjective mood state was measured using a modification 
of the Visual Analogue Mood Scale (VAMS) [4,49]. The 
VAMS consists of a series of bipolar adjectives describing 
subjective feelings such as *‘inefficient-efficient,”’ *‘interested- 
bored.’* The adjectives are typically separated by a rating 
scale and subjects place a mark on the scale with distance 
from each adjective indicating their feeling. For example, a 
mark placed closer to the adjective ‘‘efficient’’ would mean 
the subject felt more efficient, and did not feel inefficient. 
We modified the survey to consist of 34 unipolar adjectives 
after Spring et al. [49] because it is not clear that affective 
States should be viewed as bipolar [32]. Subjects rated how 
much each adjective described their mood on a 0-100 scale 
with *‘0’* meaning they did not feel that way at all, and 
**100°° meaning they felt very much that way. 

Several performance variables were also measured. Since 
caffeine is anecdotally believed to produce nervousness and 
**jitteriness,’” 2 measures of muscle control which might re- 
flect that were used. To measure hand steadiness, subjects 
held a metal stylus (1.5 mm diameter) with arm fully ex- 
tended and not resting on any object in a 5.0 mm diameter 
hole cut in a metal plate. (Layfayette, Model No. 3201). The 
stylus and plate were both connected to an electronic 
counter such that contact between stylus and plate closed a 
circuit which incremented the counter. This allowed quan- 
tification of hand steadiness as the number of plate contacts 
during a 30 sec test interval. Increased contacts indicate de- 
creased steadiness. A rotary pursuit task was used as a sec- 
ond measure of muscle control (Lafayette, Model No. 30010). 
In this task, subjects are required to track a metal disk (1.8 
cm diameter) mounted flush with the surface and 5 cm from 
the edge of a polished rotating turntable (24.4 cm diameter). 
The tracking is done by attempting to maintain contact be- 
tween the metal disk and a 14.5 cm long metal stylus flexibly 
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mounted in a hard rubber handle. Contact between the stylus 
and disc closes a circuit which starts a timer. This allowed 
measuring total time on target during a 20 sec test interval. 
The turntable was rotating at 60 rpm. Each test consisted of 4 
such 20 sec intervals with each separated by a 20 sec rest 
interval. The dependent variable at each test time was the 
average time on target for the 4 trials. 

Two additional performance measures were reverse mir- 
ror tracing and choice reaction time. In reverse mirror trac- 
ing, subjects attempt to trace the outline of a figure, a 
6-pointed star, while viewing the figure and their hand 
through a mirror. Direct view of the figure and hand is 
blocked by a screen about 18 cm above the figure. Visual 
input to the subject is thus opposite to motor feedback from 
the tracing. The actual figure was cut in a metal plate with 
the figure outline made of 0.9 cm wide line segments 
(Lafayette, Model No. 31010). Tracing was done with a metal 
stylus. Each time the boundary of the figure was touched, an 
error was electronically recorded. In addition, total number 
of 24 equal length sections of the star completed during a 2 
min test was also recorded. The test was included because 
previous work [8] suggested that caffeine might improve per- 
formance in tasks which require perceptual restructuring as 
does reverse tracing. 

The final test was a choice reaction time task. Subjects 
were seated in front of reaction time apparatus (Lafayette, 
Model No. 63011) capable of producing a red, green or blue 
stimulus light on each trial. Each trial started with the sub- 
ject resting his hand on the table immediately in front of a set 
of 3 telegraph keys spaced 9 cm apart. After a 2 sec signal 
light, 1 of the colored stimulus lights came on. The subject 
was to press the key previously designated for that color as 
quickly as possible. At each of the several testings, 10 such 
trials were run and the average reaction time during each 
session was taken as a measure. At each session, the se- 
quence of stimulus colors and keys corresponding to colors 
was randomized for each subject. 

In addition to these behavioral data, blood pressure was 
also measured at intervals specified in Table 2. Caffeine 
doses larger than those given here increase blood pressure, 
but tolerance develops quickly [44,45]. It is therefore inter- 
esting to determine if typical caffeine consumption levels 
have any systematic effect on blood pressure. 


Plasma Caffeine 


Blood samples (3 ml) were taken from subjects im- 
mediately before caffeine dosing and at 30 and 60 min post- 
dosing and every subsequent 60 min post-dosing up to 10 hr. 
Blood samples were taken via intravenous catheter or in- 
termittent venipuncture at the choice of the subject. Blood 
was taken from the non-preferred arm to minimize any inter- 
ference with performance of experimental tasks. Control 
subjects who received no caffeine also had blood drawn. The 
long time interval between blood samples was chosen to 
allow for behavioral testing. Consequently, the relatively in- 
frequent sampling would tend to minimize any effects blood 
withdrawal would have on performance and mood. How- 
ever, the long time interval also provides a less detailed pic- 
ture of caffeine’s residence time in the blood. All blood 
samples were analyzed for plasma caffeine by gas chroma- 
tography (National Health Labs, Louisville, KY). 


General Procedure 


Subjects were non-smokers solicited from the general 
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Cincinnati population via newspaper ads. Those who passed 
the initial screening for age, weight, height, and caffeine 
usage habits were given a more detailed physical exam and 
screening. Subjects judged to be in good health and with no 
history of drug or alcohol abuse were given the opportunity 
to participate in the study. All subjects signed an informed 
consent statement prior to participating. The study protocol 
was approved by safety review boards at the Procter & 
Gamble Company and the participating clinical lab (Cintest, 
Inc., Cincinnati, OH). 

The sequence of events in this study is outlined in Table 
2. Subjects reported to the test site at 6:00 p.m. the evening 
before the study and were fasted, except for water, and 
sequestered overnight. No attempt was made to control food 
or beverage consumption before reporting to the site, and 
subjects were previously told they should eat a normal meal 
before reporting. 

On the morning of the test, all subjects were each served 
the same standard breakfast consisting of Canadian bacon 
(40 g), 2 slices of buttered toast and 170 ml of orange juice. 
Breakfast was consumed between 6:30 a.m. and 7:00 a.m. 
Beginning at 7:00 a.m., subjects were made familiar with all 
tests to be administered and pre-caffeine dose baseline 
measures were taken on the mood, behavioral, and blood 
tests. Each subject received the tests in a different random 
order, except for blood withdrawal. Blood samples were al- 
ways taken after all other measures had been made to avoid 
any interference it might have on performing the other tasks. 
The entire test battery took approximately 15 min to complete. 

At 7:30 a.m. subjects were given their respective caffeine 
beverages and allowed approximately 10 min to consume it. 
Consumption was done in the presence of a technician who 
ensured all of the beverage was consumed in the allotted 
time. Subsequent measurements were made according to the 
schedule in Table 2. Subjects were typically tested in groups 
of 2 to 3 and were staggered in starting time by about 5 min, 
but inter-test intervals were constant for all subjects. 

At noon subjects were each given a standard lunch con- 
sisting of one hamburger and french fries purchased at a local 
fast-food restaurant, and 170 ml of water. Immediately after 
the 3:00 p.m. testing, subjects were again dosed with the 
same caffeine beverage they received in the morning and 
testing continued until 6:00 p.m. The entire test was run 
double-blind with neither experimenter nor subject knowing 
which treatment they received. However, they did know the 
study involved caffeine. 


RESULTS AND DISCUSSION 


Data Analysis 


Data from each of the dependent variables was analyzed 
by analysis of variance unless otherwise indicated. Overall 
analyses were done with caffeine treatment level as a be- 
tween group independent variable and repeated measures on 
the blood and behavioral variables [39]. Since analysis of 
variance is a general test of significance, it is necessary to 
locate the exact source of a significant overall F-ratio by 
using multiple comparisons among treatment means. That is, 
a significant overall F-ratio means that some treatment 
groups are different from others, but it does not permit iden- 
tification of groups that do and do not differ. This was done 
using orthogonal t-ratios or LSD tests based on the appro- 
priate error term from the analysis of variance [39]. The 
advantage of these types of analyses is that they specifically 
allow the combination, or pooling of treatment groups which 
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FIG. 1. Diastolic blood pressure (mmHg) plotted as a function of 
time relative to caffeine dosing. The 20 mg and 40 mg treatment 
groups did not differ and were therefore pooled for graphing. All 
other groups did not differ among themselves and therefore were 
also pooled. For purposes of comparison, the 0 mg, non-user group 
is plotted separately as well as pooled with the ‘‘all other treat- 
ments”’ plot. Points marked with an asterisk are significantly lower 
than all other corresponding treatment points (p’s<0.05 or better). 


do not differ significantly. This provides the means by which 
precise location of significant effects can be determined. An 
additional advantage is that these tests may be done without 
regard to the outcome of the overall analysis of variance [33]. 
Degrees of freedom for these tests are those from the 
analysis of variance associated with the treatment variable 
being examined. The number of such comparisons that can 
be made is k-1 where k=number of treatment means. The 
number of measures in each treatment, and therefore the 
degrees of freedom, occasionally vary due to factors extra- 
neous to the study. For example, some subjects were inad- 
vertently missed on some measures and some blood samples 
were destroyed in a snowstorm in route to the analytical lab. 
However, these instances involve only a very few data 
points. In those cases, unequal-n analyses of variance were 
performed. 

Results are discussed here in terms of caffeine effects on 
regular caffeine users and non-users except where this is not 
reasonable. For example, users and non-users given a 
placebo treatment had blood drawn and analyzed as all other 
groups did but no significant amounts of caffeine was found 
in their blood. Thus, caffeine pharmacokinetic parameters 
cannot be derived for these groups. Further, in some cases 
placebo groups did not differ from other user or non-user 
groups. In those cases placebo results were sometimes 
pooled with results from the other groups which were identi- 
cal as is noted. 


Blood Pressure 


Overall. There were no effects of caffeine on systolic 
blood pressure, but diastolic blood pressure showed sys- 
tematic variation which depended on treatment group and 
time of day, i.e., a significant treatment group x time of day 
interaction, F(66,659)=1.4, p<0.05. This is shown in Fig. 1. 
Since the 20 and 40 mg user groups did not differ from each 
other, their data were pooled for graphing into one set of 
points, as was the remaining 5 groups’ data for the same 
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FIG. 2. Plasma caffeine (ug/ml) as a function of time post-dose. The 
20 mg and 40 mg treatments both resulted in very low plasma caf- 
feine levels and were therefore pooled. 


reason. However, for comparison, the non-user placebo 
group data is also plotted separately. The significant interac- 
tion was due to the pooled 20 and 40 mg caffeine user treat- 
ment groups having significantly lower pressure than all 
other groups combined for the first 5.5 hr after treatment. 

Importantly, there were no differences among any treat- 
ment or control groups in diastolic pressure before treat- 
ment. These data, in conjunction with other literature re- 
ports, suggest that the effects of caffeine on blood pressure 
are not a linear function of caffeine dose. At doses of 250 mg, 
blood pressure has been reported to increase [45]. The pres- 
ent result suggests that doses in the 80-160 mg range have no 
effect on either users or non-users, but 20-40 mg might de- 
crease diastolic blood pressure in regular caffeine consum- 
ers. Blood pressure of non-users who consumed 160 mg of 
caffeine did not differ from the placebo control groups or 
from the 80 and 160 mg user groups. Non-caffeine users 
apparently show no short-term effects on blood pressure 
from this amount of caffeine. We did not treat non-caffeine 
users with lower doses of caffeine. It is, therefore, impossi- 
ble to tell if their diastolic blood pressure would have 
dropped as did that of users given 20 and 40 mg caffeine. 
Thus, it is not clear whether the decreases seen with habitual 
caffeine users are unique to that group. However, tolerance 
to increased blood pressure apparently develops within a 
few days of regular consumption of high caffeine doses (250 
mg, 3 times a day) [44]. In the present study, blood pressure 
was unchanged after the second treatment. Figure 1 also 
indicates an increase in diastolic blood pressure for all 
groups, except the 20 and 40 mg user treatment groups, im- 
mediately after dosing (¢=3.41, p><0.001). This occurred for 
placebo as well as caffeine treatments. The increase was 
transient and disappeared before the next measurement. The 
cause of this is not clear, but it may be related to the stress of 
starting the battery of tests and drawing blood. In that regard 
it is interesting that the 20 and 40 mg caffeine user groups did 
not show the same increase despite undergoing the same 
tests. 
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TABLE 3 
PHARMACOKINETIC PARAMETERS 





Treatment: 80 mg, caffeine users 


t% ke; Vd 
(hr) (hr~') (1) 


160 mg caffeine, users 


AUC cl tr key Vd 
(ug/ml-hr) (I/hr) (hr) = (hr~’) (1) 


160 mg, non-users 


AUC cl t”% ky Vd 
(ug/ml-hr) (I/hr) (hr) (hr-') (1) 


AUC cl 


Subject (ug/ml-hr) (I/hr) 





2.28 
2.46 
2.58 
3.02 
3.14 
3.74 
5.06 
6.00 


0.30 
0.28 
0.26 
0.22 
0.22 
0.18 
0.13 
0.11 


11.83 
9.50 
49.07 
62.50 
186.04 
102.56 
166.66 
98.76 


3.54 

2.65 
12.69 
13.67 
41.02 
18.39 
21.33 
10.81 


0.30 
0.30 
0.30 
0.27 
0.26 
0.24 
0.22 
0.14 
0.05 


9.38 
9.93 
S22 
14.57 
13.54 
113.47 
10.51 
72.07 
175.82 


56.80 
53.70 
57.85 
40.70 
45.45 

5.90 
69.20 
15.85 
18.35 


2.81 
2.97 
2.76 


0.30 
0.28 
0.25 
0.25 
0.23 
0.23 
0.22 
0.19 
0.15 


59.25 
50.79 
71.11 
57.76 
11.58 
163.26 
192.77 
87.43 
111.88 


17.77 
14.22 
17.77 
14.41 

2.89 
37.20 
42.10 
16.58 
16.75 
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0.23 
0.02 


47.61 
20.19 


40.42 
7.34 


0.23 
0.01 


89.53 
19.16 


19.96 
4.03 
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FIG. 3. Performance of caffeine users and non-users on a rotary 
pursuit task after dosing with 160 mg caffeine. Data are plotted as a 
function of time post-dose and relative to non-caffeine users who 
received placebo treatment. Points marked with an asterisk are sig- 
nificantly different from the corresponding points for the 0 mg, 
non-user group (p’s<0.05 or better). 


Blood Caffeine 


Figure 2 shows blood caffeine levels in g/ml plasma plot- 
ted as a function of time after dosing. To maintain clarity, the 
20 and 40 mg treatment groups are pooled on the graph be- 
cause their plasma caffeine levels were very similar. In all 
other analyses, those 2 groups were treated separately. 

The most striking result apparent from inspection of this 
figure is the large difference in peak plasma caffeine levels 
between the caffeine user and non-user groups dosed with 
160 mg of caffeine. This replicates previous findings demon- 
strating that the pharmacokinetics of caffeine and two of its 
major metabolites, theophylline and theobromine, are al- 
tered in habitual caffeine users [21, 38, 50]. A second point 
obvious from Fig. 2 is that peak plasma caffeine levels after 
the second dose of caffeine are lower than peak levels after 
the first dose. This is likely due to the timing of the blood 
sampling. The first blood sample after the second caffeine 
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FIG. 4. Comparison of caffeine users’ performance on a rotary pur- 
suit task after dosing with 160 mg caffeine or placebo treatment. 
Points marked with an asterisk are significantly different from 
placebo group (p’s<0.05 or better). 


dose was drawn at 45 min post-dosing. The first sample after 
the first dose was taken 30 min post-dosing. The second 
sample was therefore taken at a time after plasma caffeine 
peaked and was declining. 

Table 3 compares pharmacokinetic parameters of users 
given 80 mg and 160 mg, and non-users given 160 mg caf- 
feine. The 20 mg and 40 mg treatments are not included 
because of the difficulty interpreting these parameters when 
calculated from low doses [2], and because they frequently 
resulted in plasma levels below the sensitivity of the gas 
chromatographic method used for analysis, i.e., below 0.1 
pg/ml plasma. Within the 80 and 160 mg treatment groups, 
four subjects which showed plasma caffeine levels below 0.1 
ug/ml were not included in the calculations. The parameters 
were calculated by frequently used equations [2, 3, 17, 21, 
33, 40, 41] and the assumption of first order kinetics and a 1 
compartment model [2]. Because of the limited number of 
data points after the second treatment, the parameters were 
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not estimated for that curve. However, inspection of Fig. 2 
shows that the same general form of curves is emerging after 
the second treatment as after the first. 

Table 3 shows that half-life (t'/2) did not differ across 
groups, a conclusion supported by analysis of variance 
(F=1.01, p=0.42). The elimination rates (k,,) were also equal 
and well described by linear equations fit to log plasma caf- 
feine as a function of time (R*>0.90). The differences be- 
tween 160 mg caffeine users and non-users are reflected in 
the area under the curve (AUC), and parameters derived 
from AUC: apparent volume of distribution (Vd), and total 
plasma clearance (cl). The non-users given 160 mg do not 
differ from the users given 80 mg in AUC or any other phar- 
macokinetic parameter, but they do differ in AUC from 
users given 160 mg (p<0.0001). 

Vd reflects the apparent volume in which caffeine is dis- 
tributed to result in the concentration found in plasma. It is 
possible that a low dose, by distributing into a small volume, 
could result in the same apparent Vd of a high dose which 
distributed in a large volume. However, caffeine is widely 
believed to readily distribute throughout the body [2,3]. 
Differences in calculated Vd are therefore not likely to re- 
flect true differences in volume of distribution. Because Vd 
is calculated by dividing the caffeine dose by (AUC-k,,) a 
lower apparent volume of distribution for users versus non- 
users is more readily explained by differences in the amount 
of caffeine absorbed. A larger amount absorbed by users 
would result in a larger AUC and, since k,, is equal across 
groups, a smaller Vd. This is consistent with the data pre- 
sented in Fig. 2. Further, since clearance (cl) is calculated by 
(Vd-k,,), the apparent decrease in clearance among users 
can also be explained by increased amount of caffeine ab- 
sorbed by that group because cl and Vd are directly propor- 
tional. These data suggest that users absorbed caffeine more 
efficiently than non-users. However, fecal samples were not 
collected for analysis so we cannot confirm this. What 
mechanisms might be involved in increased absorption in 
users are not known at this time. 

An alternative hypothesis, discussed earlier, is that re- 
sidual caffeine, or caffeine metabolites, in users, partially 
occupies a limited pool of enzymes [38,50]. Additional caf- 
feine, because it competes for the same enzymes as the re- 
sidual, will therefore have a longer residence time in the 
blood in users than in non-users. This hypothesis implies a 
longer t'/2 and lower k,, in users than in non-users. Our re- 
sults show that t'/2 and k,, was equal across caffeine user and 
non-user subjects. The present data are therefore not consis- 
tent with this hypothesis. 

The pharmacokinetic parameters in Table 3 are in good 
agreement with caffeine parameters generally [2] and with 
parameters calculated from similar dosing regimens [3]. The 
increased volume of fluid ingested with increasing amounts 
of caffeine apparently did not affect caffeine disposition in 
this study. 


Behavioral Measures 


Rotary pursuit. Average performance across groups on 
the rotary pursuit task did not differ. All subjects in every 
treatment group showed the expected performance im- 
provement with practice over test trials, F(11,602)= 132.76, 
p<0.0001. Comparisons between individual groups at spe- 
cific times throughout the day indicated several performance 
differences. These primarily involved the 160 mg treatments 
given to users and non-users and the 0 mg treatments given 
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to users and non-users. The effects are shown in Figs. 3 and 
4. Figure 3 shows performance plotted as percent time on 
target as a function of time post-treatment for the 160 mg 
user and non-user groups and the 0 mg non-user group. Fig- 
ure 4 shows performance of regular caffeine users given 0 or 
160 mg caffeine. 

The 20, 40, and 80 mg user groups were not included in 
Fig. 3 because they followed very closely the 160 mg user 
group. The only exceptions were at the measures taken 90 
min after the first treatment, and 105 min after the second 
treatment. At those times the other 3 user groups receiving a 
caffeine treatment did not show the slight performance de- 
crement evident in the 160 mg user group. The user group 
receiving 160 mg showed variable performance relative to 
the non-user, 0 mg caffeine group. During the mid-afternoon 
hours, users receiving 160 mg caffeine performed signifi- 
cantly better at both 210 and 330 min post-initial dose than 
did the non-user 0 mg group. However, user performance 
was significantly poorer than the non-user 0 mg group at 90 
min post-first dose and 105 min post-second dose. Figure 4 
shows that performance of regular caffeine users who re- 
ceived 0 mg of caffeine was essentially identical to caffeine 
users who received 160 mg. The exceptions were at 90 and 
450 min post-first dose where the 160 mg user group was 
significantly poorer (p’s<0.05, t-ratio). The results shown in 
Fig. 4 make interpretation of Fig. 3 difficult. However, taken 
together, Figs. 3 and 4 have several implications. First, the 
fact that regular caffeine users who received no caffeine 
showed no performance decrement on this task indicates 
that eye-hand coordination is not affected for at least one day 
by any caffeine withdrawal syndrome which has been pro- 
posed to exist [12, 20, 24]. Importantly, caffeine user sub- 
jects did not differ from non-user subjects on the pre-tests 
(t=0.31). This suggests that recovery from performance dec- 
rement is not necessarily the daily motivation behind caf- 
feine consumption. Second, regular caffeine consumers in 
this study apparently showed no performance decrement 
when given low to moderate amounts of caffeine or no caf- 
feine. The performance decrements of the 160 mg user group 
were at plasma caffeine levels (about 5—10 g/ml) unlikely to 
be reached under normal conditions where 160 mg of caf- 
feine (2 cups of coffee) would be consumed over 30-60 min 
or more, rather than the relatively fast 10 min as in this 
study. However, non-users given caffeine performed poorly, 
relative to non-users given placebo, regardless of blood 
caffeine level. Third, since user groups receiving caffeine 
performed better than the non-user group that received caf- 
feine, tolerance apparently develops to the performance dec- 
rement shown in non-users. 

Figure 3 shows that non-caffeine users who received 160 
mg caffeine had significantly less time-on-target at measures 
taken later in the day than did the non-user, 0 mg caffeine 
groups (p’s<0.05 or better, f-ratio, at points indicated by 
asterisks). The tendency toward poorer performance by 
non-users given 160 mg caffeine is clear from the graph, but 
statistically these effects are small, and the overall interac- 
tion between user group and time of day was not significant. 

Hand steadiness. Results of the hand-steadiness task are 
similar to the rotary pursuit results. All subjects, regardless 
of treatment, improved in performance throughout the day, 
F(11,681)= 13.03, p<0.0001. Caffeine user subjects did not 
differ from non-user subjects on pre-test, 7(681)=1.12. 
There was no performance difference between treatment 
groups which depended on time after treatment as indicated 
by a non-significant group X time interaction (F=0.82). 
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FIG. 5. Hand steadiness of caffeine users and non-users after caf- 
feine dose. Caffeine user groups did not differ from one another as a 
function of treatment and were therefore pooled. In addition, the 0 
mg, non-user group is plotted separately for comparison. 


There was a performance difference among groups which is 
shown in Fig. 5. These data show that the non-user subjects 
given 160 mg caffeine made significantly more contacts of 
stylus and plate, i.e., were less steady than the other groups, 
t(63)=2.51, p<0.02. The other treatment groups did not dif- 
fer among themselves and were therefore pooled into one 
group for graphical presentation. However, the 0 mg caf- 
feine, non-user group is again also plotted separately for 
purposes of comparison. 

As with the rotary pursuit task, the data showed no evi- 
dence of recovery from a caffeine withdrawal effect among 
caffeine users. That is, caffeine users receiving 0 mg of caf- 
feine performed as well as all user groups actually treated 
with caffeine. It can therefore be concluded that this task 
shows no evidence that regular caffeine users suffer a per- 
formance decrement when caffeine is withheld overnight. 
Caffeine users treated with 160 mg of caffeine showed no 
performance decrement, even relative to non-users given no 
caffeine. This suggests that the decrement seen in non-users 
treated with 160 mg caffeine might be expected to disappear 
as tolerance to caffeine develops. 

Other performance measures. No systematic effects on 
choice reaction time or reverse tracing, that could be related 
to caffeine, were found across or within treatment groups. 

Mood scale. Measurements presumed to reflect subjec- 
tive feeling or mood state are limited in generalizability when 
based on so few subjects as used here. However, to the 
extent such data exhibit reasonable trends, they provide a 
source of hypotheses and additional perspectives even 
though they might not warrant firm conclusions. Since such 
data are often the basis of future research, it was decided to 
attempt subjective measurements and some of the results are 
presented. 

Factor analyses of the VAMS have resulted in 3 factors 
which have been called Alertness, Dysphoria, and Calmness 
[4,49]. The adjectives which measure each of these factors 
are listed in Table 4. Analyses of variance were performed 
on average ratings of adjectives within each factor and on 
each adjective individually. Two subjects from the 80 mg 
treatment group were not included in these analyses because 
of obvious failure to follow rating instructions. 

Analyses of averages taken across adjectives within each 
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TABLE 4 
ADJECTIVES ON VAMS USED TO MEASURE SUBJECTIVE MOOD 





Factors: 
Alertness Dysphoria 
Efficient Sad 
Coordinated Troubled 
Clearheaded Discontented 
Alert 
Energetic 
Attentive 
Strong 
Quickwitted 
Interested 

Remaining Adjectives: 
Drowsy 
Excited 
Feeble 
Muddled 
Clumsy 
Lethargic 


Calmness 
Calm 
Relaxed 
Tranquil 
Tense 


Contented 
Happy 
Antagonistic 
Amicable Inefficient 
Sluggish Empty 
Dreary Full 


Bored 
Withdrawn 
Gregarious 
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FIG. 6. Ratios of alertness:tension ratings for the pooled 0, 20, and 


40 mg caffeine use treatment groups, and the 80 mg and 160 mg 
caffeine user treatments. 


factor showed that the 7 treatment groups did not differ 
among one another. This might have been due to the com- 
plexity of caffeine’s effects tending to cancel one another 
when averages are taken across several different adjectives. 
It would therefore be expected that groups might differ on 
individual attributes even though they do not differ on an 
entire factor. This creates a dilemma because the large 
number of adjectives, 34, crossed with treatment groups, 7, 
and number of times each adjective was rated, 7, results in a 
total of 1190 individual averages. The number of possible 
pairwise comparisons among these averages is astronomical 
and thus a very large number of significant differences is 
expected merely by chance. Consequently, some a priori basis 
must exist for deciding which, if any, specific comparisons 
should be made. Since the most widely recognized and 
sought after subjective caffeine effects are its alerting ability, 
and its ability to relieve irritability and tension among regular 
users [12,25], we decided to further analyze the ratio of 
alertness:tension derived from these ratings. Each individual 
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subject’s ratings of alertness was divided by the subject's 
tension ratings. These ratios were then analyzed as usual. 

Figure 6 shows alertness:tension ratios for caffeine users 
at different treatment levels. The 0, 20, and 40 mg user 
groups did not differ systematically and therefore are pooled 
in this graph. The 80 mg treatment resulted in higher alert- 
ness:tension ratios than the pooled 0, 20, and 40 mg groups, 
1(54)=1.398, 0.05<p<0.1 (1-tailed test). The 160 mg group 
had significantly lower alertness:tension ratios than the 80 
mg group at only 30 min after the first treatment and 45 min 
after the second treatment, 7(209)=2.156, p<0.05 (2-tailed 
test). A 2-tailed test was used in this instance as it was not 
clear whether higher caffeine levels would be expected to 
increase alertness without a concomitant increase in tension 
as stimulation increased. It is interesting that the lowest 
alertness:tension ratios for the 160 mg user group coincide 
with plasma caffeine levels of >10.0 g/ml. Higher ratios, 
more comparable to the 80 mg user group, are reached as 
plasma caffeine levels decline throughout the day and ap- 
proach those delivered by 80 mg caffeine (see Fig. 2 for 
comparison). Although this relationship resulted in lower 
alertness:tension ratios shortly after dosing with 160 mg, the 
overall interaction between dose and time of day was not 
significant. 

There were no significant effects of caffeine on the alert- 
ness:tension ratio in non-users. This lack of effect of 160 mg 
of caffeine on alertness:tension ratios in caffeine-naive sub- 
jects suggests the involvement of learning and/or expecta- 
tions on caffeine’s subjective effects at these doses. Alterna- 
tively, caffeine-naive subjects knew they might receive caf- 
feine in this study. They may therefore have interpreted var- 
ious subjective effects as not being real, but rather as artifi- 
cial states induced by the experimental treatment. 


GENERAL DISCUSSION 


These data suggest that the relatively low levels of caf- 
feine experienced in typical life situations are not likely to 
result in negative mood or performance changes. They do 
imply that regular caffeine users might experience or expect 
certain benefits, relative to non-user controls [51], in addi- 
tion to the generally recognized alerting effects of caffeine at 
moderate doses typically consumed. Expected benefits 
might include, besides performance on motor tasks as used 
here, improved functioning on perceptual restructuring tasks 
[8], counteraction of fatigue-induced decrements and in- 
creased endurance [51], and enhancement of analgesic ef- 
fects from over-the-counter pain relievers [35]. Alterna- 
tively, caffeine users might be robust to its effects [42], ac- 
counting for similar performance on steadiness and pursuit 
tasks by users dosed with caffeine or placebo. The slight 
performance decrement experienced on rotary pursuit by 
caffeine users occurred at plasma caffeine levels greater than 
10 g/ml. It is not likely these levels will be achieved with 
typical beverage consumption. The 160 mg dose which de- 
livered those levels in this study was consumed within 10 
min. With typical beverages, about 2 cups of coffee or 48 to 
60 oz of carbonated beverage would have to be consumed in 
about 10 minutes to reach these levels. It is more likely that 
those amounts of beverage would be consumed over a much 
longer time, even over an 8-10 hr period. The actual plasma 
caffeine level would reflect caffeine recently ingested as well 
as the processes of metabolism and elimination. Thus, sharp 
peaks of plasma caffeine in a typical everyday beverage con- 
sumption situation are unlikely. They are more probable 
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after consumption of diet aids and other over-the-counter 
medications which often contain higher doses of caffeine and 
are consumed as a single bolus. 

One of the most reliable behavioral effects of caffeine is a 
decrease in hand steadiness with sufficient dose [18,48]. The 
present study which used a maximum dose of 160 mg did not 
find decreased steadiness among regular caffeine users. This 
finding is in contrast to the popular belief that even relatively 
small amounts of caffeine result in decreased steadiness. The 
reason for the reliable finding of a decrease in hand steadi- 
ness is apparently due to the relatively large caffeine doses 
typically administered [28]. The lowest dose to elicit this 
effect, as far as we are aware, has been 200 mg [48]. To our 
knowledge, the present study is the only one which has 
measured this variable at dose levels usually encountered by 
consumers. Under these conditions regular caffeine con- 
sumers do not experience a decrease in hand steadiness, but 
non-caffeine users showed clear performance decrements 
after consuming 160 mg of caffeine. Interpreting results of 
non-users is difficult because non-users are a self-selected 
population. It is therefore impossible to determine if the re- 
sults reflect a lack of opportunity to develop a tolerance to 
these effects. They could, for example, reflect a stable be- 
havioral trait related to an as of yet unidentified variable 
distinguishing users from non-users. Although this might be 
the case, tolerance does develop to many caffeine effects 
[13,44]. If a perceived negative such as a decrease in steadi- 
ness occurs on first exposure to caffeine, why do so many 
people continue to consume it? Perhaps the negative is out- 
weighed by the concurrent effects which might be perceived 
as positive. This would be especially true if caffeine was 
initially sought for its expected and widely known alerting 
effect under conditions where a decrease in steadiness in not 
important, e.g., for late night study, work or entertaining. 
The positive effects under those conditions combined with a 
quickly developing tolerance to the negatives might allow 
continued motivation for consumption. On the other hand, 
initial consumption under conditions demanding fine motor 
control might tend to discourage further consumption. Other 
work consistent with this hypothesis suggests that tolerance 
does not develop to the alerting effects of caffeine, but does 
develop to many other caffeine effects including jitteriness 
[12,25]. 

Results of the mood surveys, although based on relatively 
few subjects, show somewhat different trends than perform- 
ance data. Alertness:tension ratios show fairly clear differ- 
ences among user treatment groups with 80 mg seeming to 
produce the greatest ratio. Lower doses had no effect and 
the higher dose produced variation in the ratio which roughly 
tracked plasma caffeine levels. Non-users reported little ef- 
fect on alertness:tension ratios. This might mean they at- 
tributed their subjective state not to true alertness, but to 
caffeine and therefore discounted it. Alternatively, they 
might not have experienced any effect. If this is true, they 
would have little motivation to become caffeine consumers 
as discussed above. Caffeine at these low doses might be 
similar to other substances which have positive effects only 
in individuals with suboptimal function when the substance 
is consumed [18,52]. 

An interesting finding is that regular caffeine consumers 
showed no pre-dosing performance nor mood deficit relative 
to non-users on the variables measured. These data do not 
support the hypothesis that daily caffeine consumption is 
motivated by negative effects resulting from withdrawal 
from the previous day’s caffeine. In fact, caffeine users did 
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not show performance decrements either in the morning or 
throughout the day as caffeine deprivation continued. This 
suggests that overnight abstinence did not result in a per- 
formance or mood decrement as measured here, which could 
motivate consumption. Users did, however, show an in- 
creased alertness:tension ratio after 80 mg of caffeine and 
when plasma caffeine levels from higher doses decreased to 
about the same range as those resulting from 80 mg. Perhaps 
an expected increase in alertness or reduced tension is an 
incentive for daily caffeine consumption. Additionally, the 
small but reliable performance improvement experienced by 
regular caffeine users relative to control non-user subjects, 
implies that low levels of caffeine might provide some per- 
formance benefits as well. This hypothesis is tempered by 
the fact that caffeine users given placebo tended to perform 
slightly better on rotary pursuit than did users given caffeine. 
Thus, caffeine users performed better than non-users 
whether or not they received caffeine. The difference be- 
tween users treated with caffeine or placebo is small and 
statistically significant at only two time points (Fig. 4). Only 
one of these points might be accounted for by relatively high 
blood caffeine levels. This observation is consistent with the 
hypothesis that caffeine consumption is self-selected by in- 
dividuals who are robust to its affects, or who perceive or 
experience caffeine effects as benefits [42]. A particularly 
strong motivation for caffeine consumption might be the 
clearly demonstrated counteracting of performance decre- 
ments due to fatigue (see [50] for review). 

It has been hypothesized that overnight abstinence from 
caffeine results in a mild withdrawal syndrome in regular 
caffeine users [12, 20, 25]. The symptoms of this syndrome 
are said to include headache, drowsiness, and decreased 
steadiness. A desire to relieve these symptoms is hypoth- 
esized to motivate daily morning caffeine consumption. 
None of the measures taken in this study showed evidence of 
such a syndrome. Not only did the first measures taken in 
the morning fail to show evidence of withdrawal, but meas- 
ures taken throughout the day, with continued caffeine ab- 
stinence, failed to find such evidence in caffeine users given 
placebo. It is possible our measures simply missed any with- 
drawal effects. However, the latency and duration of this 
possible syndrome has never been investigated. It is con- 
ceivable that the syndrome has a longer latency than one 
day, or that it has a variable latency and duration. Although 
previous data show that it might occur as early as after an 
overnight caffeine abstinence [12], the syndrome’s nature, 
latency, duration, and variability are not well characterized 
as of yet. The present results suggest only that it might not be 
a general motivator of daily morning caffeine consumption. 

The most striking finding was the difference in plasma 
caffeine between users and non-users given the same dose. 
Similar effects have been noted for theophylline and theo- 
bromine [21,38] which are metabolites of caffeine. This result 
has also been alluded to for caffeine [50]. This difference, 
combined with those seen on mood and performance vari- 
ables, strongly suggest that caffeine usage history is a critical 
variable in behavioral, physiological, and pharmacological 
studies involving caffeine. High variability and conflicting 
results in the caffeine literature [28] might be decreased by 
strict control of this variable. 

The other blood measure taken, blood pressure, was also 
surprising in showing a decrease in diastolic pressure at low 
caffeine doses given to caffeine users. The direct physiolog- 
ical effects of several pharmacologically active substances 
and their opponent effects can be conditioned to cues asso- 
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ciated with habitual use [22,46]. An opponent effect or proc- 
ess is one which opposes the direct effects of pharmacologi- 
cally active substances or other stimuli and has the result of 
moderating those effects. For example, caffeine increases 
salivation in regular coffee users, but decaffeinated coffee 
results in a decreased salivary flow in the same subjects. 
This is presumably the result of conditioned caffeine cues (e.g., 
coffee) activating an opponent process (i.e., decreased sali- 
vation) without direct caffeine effects available to counteract 
it. Perhaps cues and expectations associated with consuming 
low levels of caffeine in regular caffeine users are sufficient 
to elicit a vasodilating effect which normally opposes the 
constricting effect occurring at higher caffeine levels [45]. In 
the absence of enough caffeine to produce a constricting 
effect, the opponent process acting alone results in vasodila- 
tion. At moderate caffeine levels, vasodilation and constric- 
tion might balance, resulting in no net effect. At relatively 
high levels, the constricting effects might overcome the op- 
ponent vasodilating effect to yield increased blood pressure. 
This latter case might be especially true if subjects habitually 
consume typical amounts of caffeine, about 200 mg/day 
spread over several hours, and are then experimentally chal- 
lenged with high doses capable of overpowering an opponent 
process conditioned to more moderate levels. Although an 
opponent-process mechanism can accommodate a finding of 
decreased blood pressure as described, the consistency and 
reliability of this effect remains to be established. However, 
it is interesting to note that regular caffeine consumption 
increases the density of brain receptors for adenosine, a 
known vasodilator, and that the constricting effects of caf- 
feine are believed due to its ability to occupy adenosine re- 
ceptors [5, 7, 23]. It is not clear whether increased density of 
adenosine receptors could result in increased sensitivity to 
circulating adenosine after challenge with low doses of caf- 
feine. 

The lack of effect observed on reaction time and reverse 
tracing is perhaps not surprising. Many caffeine effects are 
subtle at best even at high doses [18]. The low doses adminis- 
tered in this study might therefore be expected to be without 
measurable effect. Despite the difficulty in generalizing to 
the wide variety of tasks a typical individual might perform 
during a given day, the present data, in conjunction with 
results from other studies, suggest that the usual amounts of 
caffeine consumed in beverages are not likely to result in 
meaningful performance decrements. On the contrary, the 
present data tend to show a rough tracking of performance 
and mood with plasma caffeine. Optimum performance and 
alertness:tension ratios tended to occur at plasma caffeine 
levels greater than 0, but less than about 5 ywg/ml in regular 
users. This is consistent with the hypothesis that regular 
caffeine users might adjust their intake to maintain subjec- 
tively optimal mood and/or performance benefits [32]. 

Conducting research on the subtle effects of caffeine is 
methodologically difficult and results are often not clearly 
interpretable [28]. We have taken the position that interpre- 
tation can be aided by using two types of control groups: 
caffeine users and non-users, both given a placebo treat- 
ment. Besides being experimentally logical, a group of caf- 
feine users given placebo allows investigation of hypoth- 
esized but poorly understood caffeine withdrawal effects. 
These subjects are therefore of interest in their own right as 
well as a control. Non-users given placebo are also an impor- 
tant control for a number of reasons. First, although absolute 
abstention from xanthines is unlikely given their ubiquity, 
non-users (i.e., those who avoid deliberate xanthine use) are 
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likely to have the lowest levels of caffeine and its metabolites 
in their blood. They therefore represent the most xanthine- 
free control group available. Secondly, they will not be affected 
by possible caffeine abstinence or withdrawal effects and are 
therefore needed for comparison to users given a placebo. 
Finally, caffeine abstainers are a legitimate segment of the 
population and a properly controlled study therefore re- 
quires that caffeine users given caffeine be compared to both 
users and non-users given a placebo. The comparison group 
used clearly influences data interpretation. For example, 
while users given caffeine do at times show a performance 
decrement relative to users given placebo, they also at times 
show better performance than non-users given placebo on a 
rotary pursuit task (Fig. 3). Figure 5 shows that caffeine 
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given to users did not result in a statistically significant de- 
crease in hand steadiness relative to non-users given 
placebo, although non-users given caffeine show a clear de- 
crease. Figure 4, on the other hand, shows users-caffeine 
performed poorer or equal to users-placebo on rotary pur- 
suit. Thus, caffeine may be interpreted to have positive, 
negative, or no effects, depending on which population seg- 
ments are compared. 
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ROBERTSON, A., A. LAFERRIERE AND P. M. MILNER. Distinct substrates influence the acquisition of self- 
stimulation of the hippocampus and the prefrontal cortex. PHYSIOL BEHAV 37(3) 409-418, 1986.—Self-stimulation (SS) 
of both the medial prefrontal cortex (MPFC) and the dorsolateral hippocampus (HPC) is known to develop slowly, over a 
period of days. In both cases, the acquisition of bar-pressing can be markedly hastened by delivery of noncontingent 
electrical stimulation for several days prior to SS training. The similarity of these effects suggests that there might be a 
common substrate mediating the acquisition process. However, in the present experiment, pre-training noncontingent 
electrical stimulation of the MPFC had no effect on how rapidly rats acquired the bar-pressing response for HPC stimula- 
tion, or vice versa. A further dissociation of the elements governing the acquisition process for these two SS sites was 
suggested by the observation that pre-training noncontingent stimulation of the entorhinal cortex facilitated the speed of 
acquisition of SS of the HPC but not of the MPFC. It seems that the HPC and entorhinal cortex can be excluded from the 
subset of neural structures which are known to influence the acquisition process governing MPFC SS. These and other data 
suggest that the development of SS of the MPFC and HPC can be regarded, at least in part, as involving a process rooted in 


distinct substrates. 
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ALTHOUGH the dorsomedial (prelimbic) division of the rat 
prefrontal cortex (MPFC) has been known to support self- 
stimulation (SS) behavior for some time [30], it is only more 
recently that the characteristics of prefrontal central rein- 
forcement have been systematically studied and observa- 
tions gathered which support the notion that SS of this corti- 
cal site proceeds from the action of neural systems distinct 
from those likely to mediate SS of diencephalic brain areas 
such as the lateral hypothalamus. The evidence for such a 
conclusion has come from anatomical, neurophysiological 
and pharmacological experiments. The analysis of systems 
unilaterally activated during SS behavior by 2-deoxyglucose 
autoradiographic techniques has indicated that MPFC SS 
gives rise to a pattern of increased metabolic activity mark- 
edly different from that obtained after SS of the ventral di- 
encephalon [36]. In line with such results, MPFC SS is not 
disrupted by large scale lesions of the medial forebrain bun- 
dle or of the ventral tegmental nuclei [12,33]. 

Similarly, SS of the MPFC can be singled out on the basis 
of various estimates of the neurophysiological charac- 
teristics of the elements directly excited during SS behavior. 
Psychophysically derived estimates of the refractory periods 
and strength-duration properties of MPFC elements involved 
in SS behavior are different from those obtained from SS of 
the ventral diencephalon [31,32], and attempts to reveal a 
shared SS pathway between the two areas by the use of 





antidromic collision techniques have been unsuccessful [31]. 
Lastly, MPFC SS has been shown to be significantly less 
sensitive to the facilitatory effects of systemic administration 
of amphetamine than SS of the lateral hypothalamus or ven- 
tral tegmentum [6, 16, 17, 26], a contrasting pattern which, 
together with the lesion experiments, suggests that the ex- 
pression of reinforcing effects derived from MPFC stimula- 
tion is less critically dependent on the activity of 
monoaminergic systems than is SS of the ventral di- 
encephalon. 

Another important set of marked differences between SS 
of the MPFC and SS of the ventral midbrain and hypothala- 
mus comes from studies of the topography of the SS behav- 
ior itself. When standard lever-pressing operants are used, 
MPFC SS requires a long period of acquisition to become 
manifest whereas SS of the medial forebrain bundle and ven- 
tral tegmental area is typically established very rapidly 
[11,15]. This protracted development of SS can be com- 
pletely circumscribed by giving the animals repeated, non- 
contingent stimulation before SS training [11,27], thereby 
demonstrating that the factors controlling the onset of MPFC 
SS can be affected by the repeated delivery of stimulation in 
the absence of any response requirements. 

The facilitation of MPFC SS acquisition by pre-training 
stimulation has been used to demonstrate functional links 
between the MPFC and other structures with respect to 
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FIG. 1. Coronal sections of a rat brain adapted from [24] showing locations of electrode tips. 
Numbers beside each section represent distances (mm) anterior (column A) or posterior (column 
B) to bregma. Some groups run are not depicted in this and Fig. 3 because the distribution of 
electrode placements completely overlapped those shown. Each symbol represents one or two 
placements. A. Open triangles=Groups MPFC and MPFC control; closed triangles=HPC- 
MPFC. B. Open circles=Group MPFC-HPC; closed circles=Groups HPC control, HPC, and 


HPC-MPFC. 


those processes presiding over the establishment of SS re- 
sponding. This has been done by determining whether a 
schedule of pretraining stimulation delivered to areas distal 
to the MPFC but anatomically related to it can produce 
equivalent increases in the subsequent rate of MPFC SS ac- 
quisition. In this way, the lateral division of the suprarhinal 
prefrontal cortex (sulcal cortex) but not the lateral hypothal- 
amus was shown to be related to the process of MPFC SS 
acquisition [27]. Further confirmation of the involvement of 
the sulcal cortex in MPFC SS came from the observation 
that bilateral sagittal knife cuts intersecting the trajectory of 
corticocortical fibers linking the two prefrontal divisions 
caused a lasting suppression of MPFC SS behavior, without 
affecting hypothalamic SS [12]. 

The observation that the acquisition of MPFC SS can be 
influenced by repeated stimulation of a subset of sites 
anatomically related to the MPFC suggests that a more 
complete delineation of such sites would provide information 
useful to the understanding of the process underlying this 
distinctive feature of MPFC SS. This is particularly impor- 
tant as the nature of the factors responsible for the peculiar 
temporal pattern of MPFC SS and its susceptibility to pre- 
training manipulations is presently unclear [11, 13, 14, 28]. 

An extended period of SS acquisition is not unique to the 
frontal cortex. Incidental reports in the literature suggest 
that SS of many diverse brain areas can be established only 
after extensive shaping, but the proactive facilitation of SS 
acquisition by noncontingent stimulation has so far been re- 
ported for only one site other than the MPFC—the hip- 
pocampus (HPC). Like MPFC SS, SS of the HPC is acquired 


much more rapidly after a period of daily stimulation, and 
this effect of repeated stimulation is specific to SS behavior 
since similar noncontingent stimulation has no effect on the 
acquisition of food-reinforced operants [3, 5, 8, 22]. These 
data suggest that the production of reinforcing effects by 
electrical stimulation of this structure might be related to a 
plastic process, perhaps analogous to the well known kin- 
dling effect or other forms of neural potentiation [4]. A simi- 
lar suggestion has been made in the case of MPFC SS 
[11,28]. 

In the present set of experiments, we hypothesized that 
the striking similarities in the development of SS behavior 
obtained by HPC and MPFC stimulation might reflect the 
workings of an anatomically common substrate. Not only 
would the anatomy of the HPC and MPFC projections pro- 
vide several possible candidates for such a substrate (e.g., 
[2,35]), but there are several indications that both structures 
might partake in at least some common classes of behavioral 
functions (for example, lesions of both the dorsal HPC and 
the MPFC have been shown to lead to severe deficits in the 
learning of tasks involving the spatial location of reinforce- 
ment, e.g., [20,34]). 

The first of the present experiments was performed to test 
the hypothesis by determining whether noncontingent, pre- 
training stimulation of the dorsal hippocampus (HPC) could 
exert proactive facilitatory effects on the acquisition of 
MPFC SS, and vice versa. In the second experiment, we 
examined the effects of pre-training stimulation of the 
entorhinal cortex on the subsequent acquisition of both HPC 
and MPFC SS. The entorhinal cortex (EC) constitutes one of 
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FIG. 2. Rate of acquisition of criterion number of responses for MPFC (left column) 
and HPC groups (right column). Type of pre-treatment received is indicated in each 
graph with mean number of days (+SEM) to criterion. 


the principal sources of afferents to the HPC (e.g., [18,19]). 
Its perforant path projection is well known to be susceptible 
to activity-related plasticity phenomena (e.g., [21]). The EC 
has been shown to support SS behavior [10] and is also one 
of the areas where MPFC SS causes reliable increases in 
activity as revealed by metabolic marker uptake [36]. Hence 
the possibility that SS of the MPFC and of the HPC might 
share a common substrate could justifiably be thought to 
involve an EC link. 


EXPERIMENT I 


METHOD 
Subjects and Experimental Design 


Male Sprague-Dawley rats, weighing from 240-340 g at 
the start of the experiment, were used. The rats were as- 
signed to six groups, listed in Table 1, according to where 
they received the noncontingent pre-training stimulation and 
where they later self-stimulated. Two of the six groups 
(MPFC Control and HPC Control) were designed to measure 
acquisition of SS of either the HPC or the MPFC in the 
absence of prior noncontingent stimulation. Another two of 
the six groups received noncontingent stimulation through 
the same electrodes via which they would later self- 
stimulate, whereas the remaining two groups received non- 
contingent stimulation of one site, and later self-stimulated 
the other site. 


TABLE | 
GROUPS IN EXPERIMENT | 





Site of 
Non-Contingent 
Stimulation 


Number of 


Group Animals Site of SS 





MPFC Control 10/13 
MPFC 7/8 MPFC 
HPC-MPFC 15/21 MPFC 
HPC Control 17/22 HPC 
HPC 7/9 ; HPC 
MPFC-HPC 16/23 HPC 


MPFC 





Surgery 


Under Nembutal anaesthesia (50 mg/kg IP), each rat was 
implanted with bipolar electrodes (Plastic Products, 
Roanoke, VA) made of twisted 127 um stainless steel wires, 
insulated except for the tips. MPFC electrodes were aimed at 
the mediodorsal portion of the prefrontal cortex, correspond- 
ing to the ‘prelimbic’ division (e.g., [2]}—4.5 mm anterior to 
bregma, 0.7 mm lateral to midline, and 3.5 mm ventral to 
skull. HPC electrodes were aimed at the dorsal hippocam- 
pus, primarily at the CAl—CA3 cell layers—2.3 mm posterior 





TABLE 2 


MEAN SESSIONAL RESPONSE RATES (NO. RESP/20 MIN) FROM 
EXPERIMENT | 





DAY 
Group 3 4 





MPFC SS (+ SEM) 
MPFC Control 16.1 22.0 31.8 80.70 86.8 
(N = 10) (9.65) (12.0) (13.0) (30.0) (33.7) 


HPC-MPFC A 4S. 7.7. 116.7 132.6 
(N = 15) (17.4) (24.3) (33.0) (37.8) (40.8) 


MPFC 142.4 171.4 225.7 255.9 304.1 
(N =7) (32.6) (43.4) (49.7) (39.5) (38.9) 


HPC SS (+ SEM) 
HPC Control . 30.1 43.1 57.9 
(N = 17) d (6.4) (10.2) (12.7) 


MPFC-HPC : 41.1 65.7 69.6 
(N = 16) . (7.6) (15.3) (14.2) 


HPC 68.1 78.0 80.7 82.1 
(9.3) (10.5) 


(N = 7) (10.5) (10.8) 





to bregma, 3.1 mm lateral to midline, and 3.9 mm ventral to 
skull. The incisor bar was set at +5.0 mm throughout. 

The rats were allowed to recover for seven to ten days 
before testing began. Throughout testing, they were housed 
singly in plastic cages with food and water available ad lib, 
on a 12-12 hr lighting schedule. 


Phase 1—Noncontingent Stimulation 


For nine successive days, 20 min/day, every rat was 
placed in a test chamber (26x 23x22 cm) made of Plexiglas 
with a metal grid floor. There were no manipulanda in the 
chamber. Four of the six groups of rats received noncontin- 
gent stimulation during the 20 min period, consisting of 0.5 
sec trains of 60 Hz sine wave, delivered at a rate of one frain 
every 64 sec, for a total of 20 trains of stimulation per daily 
session. The intensity of the stimulation was set at 40 vA 
(RMS) for all MPFC rats and 25 wA for HPC animals. The 
stimulation came from a constant voltage source with a large 
resistance (500 kohm) placed in series with the rat and was 
monitored on DC meters. The currents used were previously 
found to yield maximal SS rates in a majority of subjects and 
to be about twice as high as the SS threshold of any animal 
displaying stable MPFC or HPC SS. 


Phase 2—Acquisition of SS 


The day after the final day of programmed stimulation, SS 
tests were begun. In this phase, all groups were treated iden- 
tically. Testing took place in different boxes than those used 
in Phase I. The boxes were made of Plexiglas and wood 
(25x25 X25 cm) and had Plexiglas levers (7.54 cm) situated 
on one wall, 5 cm above the wire mesh floor. The stimulation 
again consisted of 0.5 sec trains of 60 Hz sine wave, and was 
pre-set at 40 1A (RMS) for MPFC SS and 25 wA for HPC SS. 

Animals were placed in the boxes for 20 min/day. Each 
animal was actually placed on the lever when being put into 
the box, so that each rat received at least one train of stimu- 
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TABLE 3 
GROUPS RUN FOR EXPERIMENT 2 





Site of 
Non-Contingent 
Stimulation 


Number of 


Group Animals 


Site of SS 





HPC Control 17/22 
HPC 16/20 
EC-HPC 18/24 
MPFC Control 10/11 
MPFC 12/12 
EC-MPFC 17/22 
EC Control 9/11 
EC 11/14 





lation/session. Other than that no shaping procedures were 
used. The rat had to find and press the bar itself to receive 
stimulation. The number of responses was recorded at the 
end of the 20 min session. 

The dependent variable was the first day on which a rat 
attained at least 100 responses/20 min for the MPFC or 50 
responses/20 min for the HPC for a minimum of three con- 
secutive days. These scores represent, in both cases, ap- 
proximately one-third of the maximum or peak rate of re- 
sponding attained during a period of five to seven days of SS 
in other experiments using the same stimulation parameters 
and testing apparatus as the present study. These criterion 
rates are similar to thosé used previously to demonstrate 
proactive effects of noncontingent stimulation of the MPFC 
[11, 27, 28] and the HPC [3,8]. The operant level rate meas- 
ured from unstimulated animals over three or four similar 
sessions is 8.1 responses/20 min (S.E.M. 1.44). Rats were 
run for 15 consecutive days. At that point, any rat that had 
not demonstrated SS (i.e., reached the criterion) was elimi- 
nated from the experiment. 


Histology 


Following completion of testing, anaesthetized rats 
(Nembutal, 60-100 mg/kg, IP) were perfused transcardially 
with 0.9% saline followed by 10% formalin. Frozen brain 
sections of 30 wm thickness were cut, stained with thionin 
and examined under a microscope for verification of elec- 
trode tips. The determination of electrode positions was 
done independently by two observers with no knowledge of 
the experimental results. Figure 1 shows the distribution of 
electrode sites in the HPC and MPFC for all rats that were 
included in the data analysis. HPC electrodes in all groups 
were located primarily in Ammon’s horn, with a few place- 
ments in the fimbria and others bordering on the dentate 
gyrus. MPFC electrodes from all groups were intermingled, 
terminating two to three mm below the surface of the cortex 
and within about 1 mm of the midline, over an area covering 
the rostral pole of area 24 and most of area 32 (e.g., [2]). 


RESULTS 


Of 96 rats that started the experiment, 24 were dropped 
because they failed to reach criterion in the allotted time, had 
misplaced electrodes or lost their electrode assembly before 
meeting the criterion. Table 1 gives the proportion of animals 
in each group included in the final analysis. Histograms 
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FIG. 3. See legend Fig. 1. A. Closed triangles=Group EC-MPFC. B. Closed circles=Group EC-HPC; 
open circles=Group HPC; crossed circles=rats in Group EC-HPC with electrode placements outside 
EC and not included in EC-HPC group (see the Discussion section). 


FIG. 4. Coronal sections of rat brain showing location of electrode tips in EC. Numbers beside 
each section represent distances (mm) posterior to bregma. Closed triangles=Group EC-MPFC; 
closed circles=Group EC-HPC; crossed circles=rats in group EC-HPC with electrode place- 
ments outside EC (see the Discussion section); closed squares=Groups EC-control and EC. 
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FIG. 5. Acquisition of criterion number of responses in HPC (left column) and MPFC 


groups (right column). Details as in Fig. 2. 


showing the number of rats, for each successive day of test- 
ing, that reached criterion for the first time are shown in Fig. 
2. The data were analyzed non-parametrically (due to the 
nature of the distributions obtained) using Mann-Whitney U 
tests. Tests of significance were 2-tailed. A difference was 
considered significant if the probability of a type I error was 
less than or equal to 0.05. 


Acquisition of MPFC SS 


The MPFC control group with MPFC self-stimulation 
electrodes (but no prior stimulation) took a mean of 6.0 days 
to reach criterion. The group which received prior stimula- 
tion through MPFC electrodes acquired self-stimulation sig- 
nificantly faster than the animals in the control group (mean 
1.6 days; U(7,10)=5, p=0.002). There was no such facilita- 
tion when prior stimulation was given through HPC elec- 
trodes: the HPC-MPFC group was not different from the 
MPFC controls (mean 5.4 days; U(10,15)=64.5; NS) and, 
like the control group, was significantly slower than MPFC 
rats which received MPFC noncontingent stimulation, 
U(7,15)=11.5, p<0.02. 

Table 2 gives the mean number of responses of each 
MPFC group for the first five and the fifteenth day of SS. 
These sessional rate averages clearly confirm the existence 


of differences amongst the groups during the early phases of 
acquisition. The pattern of MPFC SS in the animals of the 
control and HPC stimulated groups was the same: most rats 
initially displayed operant-level rates for the first few ses- 
sions, and then showed an abrupt increase followed by a 
more gradual increment in sessional rates. In contrast, the 
rats receiving prior MPFC stimulation displayed higher rates 
from the beginning of the testing phase. Once established 
above criterion level, MPFC SS rates in all groups steadily 
increased from day to day, reaching very similar asymptotic 
values by the fifteenth day of testing. 


Acquisition of HPC SS 


Animals in the HPC control group that did not receive 
prior stimulation took a mean of 6.2 days to reach criterion. 
Animals with HPC electrodes which received prior noncon- 
tingent HPC stimulation were significantly faster than con- 
trols, U(7,17)=14, p<0.01. Animals which received stimula- 
tion of the MPFC prior to self-stimulating the HPC were not 
significantly different from controls (mean 4.4 days; 
U(17,16)=112.5; NS), and were significantly slower than the 
HPC groups that received noncontingent HPC stimulation, 
U(7,16)=14, p<0.01. 

Table 2 shows the mean number of responses for each of 
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TABLE 4 


MEAN SESSIONAL RESPONSE RATES (NO. RESP/20 MIN) FROM 
EXPERIMENT 2 





Group 





MPFC SS (+ SEM) 
MPFC Control m2 32h. 423. 333 
(N = 10) (15.6) (20.5) (26.6) (42.3) 


EC-MPFC yi ee ef 
(N = 17) (9.2) (10.3) (27.2) (32.3) 


MPFC 124.2 256.6 291.4 295.2 
(N = 12) (19.4) (30.1) (35.2) (34.1) 


HPC SS (+ SEM) 
HPC Control 26.9 30.1 41.2 43.1 
(N‘= 17) (5.9) (6.4) (10.1) (10.2) 


EC-HPC 62.0 73.2 73.4 81.6 
(N = 18) (8.9) (12.6) (12.6) (12.5) 


HPC 61.3 61.9 64.9 83.7 
(N = 16) (9.2) (8.5) (8.7) (9.8) 


EC SS (+ SEM) 
EC Control 115.3 141.9 162.4 157.2 
(N = 9) (17.0) (26.6) (22.0) (29.7) 


EC 118.4 124.8 106.6 117.8 
(N = 11) (13.8) (15.3) (10.0) (13.6) 





the HPC groups over days of testing. There was more 
day-to-day intrasubject variation in HPC response rates 
compared with PFC response rates, in some cases clearly 
attributable to the gradual onset of seizures (about 50% of 
HPC subjects eventually showed full tonic-clonic motor sei- 
zures; however these animals could not be distinguished 
from the others on the basis of either their rate of SS acquisi- 
tion or of their sessional response rates). Therefore, although 
the mean peak rate (i.e., the maximum rate attained by any 
subject across all days of testing) was 150 responses/20 min, 
the average rates on any given day were considerably lower. 
The pattern of response acquisition also differed somewhat 
from the MPFC animals. Along with fewer responses, about 
one-quarter of the HPC rats showed a slow and sustained 
increase in daily rates following a period of operant-level 
responding, while the others displayed the more step-like 
increases in SS rates previously described [5]. 


EXPERIMENT II 


METHOD 
Subjects and Experimental Design 


One hundred thirty-six male Sprague-Dawley rats were 
used. They were divided into eight groups, listed in Table 3. 
Three groups served as control groups and so received no 
prior noncontingent stimulation. Three groups received non- 
contingent stimulation through the same electrodes that they 
would later use to self-stimulate, and the remaining two 
groups received stimulation through an electrode implanted 
into the entorhinal cortex (EC) and later self-stimulated 
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FIG. 6. Acquisition of criterion number of responses in EC groups. 
Details as in Fig. 2. 


either the MPFC or the HPC. One of the eight groups, HPC 
Control, was carried over from Experiment I (i.e., this group 
was not actually run in Experiment II; the data were simply 
regraphed to make visual comparisons easier). All other 
groups consisted of newly prepared animals. 


Surgery 


Stereotaxic coordinates for the HPC and MPFC electrodes 
remained the same as in Experiment I. EC electrodes were 
aimed at the lateral regions of the entorhinal cortex, using 
coordinates of 3.0-5.3 mm posterior to bregma, 3.3 mm lat- 
eral to midline and 9.6—9.8 mm ventral to skull surface. The 
electrodes were angled 16-18 degrees from the vertical 
plane. 


Phase I—Noncontingent Stimulation 


The procedure was identical to that previously described. 
All animals that received noncontingent EC stimulation re- 
ceived 20 trains/day, at 30 wA, for nine days. 


Phase 1l—Acquisition of SS 


Testing for SS of the three sites proceeded exactly as 
before. The criterion was, for all groups, set at one-third the 
average peak rate of responding. For EC self-stimulators, 
this was equal to 75 responses/20 min. 


Histology 


Figure 3 shows locations of electrode tips in the MPFC or 
HPC for the first six groups. Figure 4 shows electrode tips in 
the EC. EC electrodes terminated in all areas of the EC, 
from its rostral to caudal lateral aspects. 


RESULTS 


One hundred ten rats completed the experiment and had 
acceptable electrode placements (as shown in Figs. 3 and 4). 
The proportion of each group included in the final analysis is 
given in Table 3. The statistical procedures remained the 
same as before. 
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Acquisition of HPC SS 


Figure 5 depicts the histograms for the groups which 
self-stimulated the HPC (left-hand side of Fig. 5) or the 
MPFC (right-hand side). The group of HPC rats that re- 
ceived prior noncontingent stimulation of the HPC were 
considerably and significantly faster in acquiring the re- 
sponse than were HPC control rats, U(16,17)=63, p<0.02. 
The difference was similar to the effect observed in Experi- 
ment I. The group that received noncontingent stimulation of 
the EC prior to self-stimulating the HPC was also signifi- 
cantly faster than controls, U(17,18)=59, p<0.01. The HPC 
and EC-HPC groups were not significantly different from 
each other, U(16,18)= 133.5, NS. Table 4 presents the aver- 
aged number of responses by group for the first five and the 
last day of SS. Although the EC-HPC and HPC groups are 
clearly responding at higher rates over the first few days of 
acquisition, the rates on Day 15 were very similar to HPC 
Control rats. 


Acquisition of MPFC SS 


Control MPFC rats took a mean of 6.1 days to reach 
criterion. MPFC rats that received noncontingent MPFC 
stimulation were significantly faster than these control rats, 
U(10,12)=7.5, p<0.001, as in Experiment I. Prior noncon- 
tingent stimulation of the EC however did not result in faster 
acquisition of MPFC SS, U(10,17)=77, NS. This EC-MPFC 
group was, like the MPFC control animals, considerably de- 
layed compared to the MPFC group that had received non- 
contingent MPFC stimulation, U(12,17)=3, p<0.001. The 
mean rates shown in Table 4 reflect these differences, and 
show that the asymptotic rates did not differ amongst the 
groups. 


Acquisition of EC SS 


The acquisition pattern of SS of the EC is shown in Fig. 6. 
Rats which received no pretreatment took a mean of 3.4 days 
to reach criterion of 75 responses/20 min; rats which re- 
ceived pretreatment were slightly faster (2.1 days), although 
this was not significant, U(9,11)=27, NS. There was little 
detectable seizure activity associated with the noncontingent 
EC stimulation or that of the SS phase of the experiment. 
Rats pressed at relatively high and stable rates (average 225 
responses/20 min) with very little day-to-day variation. 


DISCUSSION 


Taken together, the results of both experiments suggest 
that the factors which can influence the rate of acquisition of 
SS of the MPFC and SS of the HPC are dependent on 
anatomically distinct substrates. When the HPC was non- 


contingently stimulated in a way which significantly 
facilitated HPC SS, acquisition of lever pressing reinforced 
by MPFC stimulation did not proceed faster than in control 
conditions and, conversely, pre-training stimulation of the 
MPFC which could produce rapid acquisition of MPFC SS 
had no effect on the time required by rats to begin to self- 
stimulate the HPC. A further dissociation of the two sites is 
provided by the observation that pre-training stimulation of 
the EC was as efficient as HPC stimulation in producing a 
fast acquisition of SS of the HPC, but was without effect on 
MPFC SS acquisition. Therefore, despite the notable 
similarities in the topography of SS behavior and the func- 
tional kinship suggested by the production of related deficits 
by damage to these two sites, the HPC and MPFC can seem- 
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ingly be put through the process leading to stable SS per- 
formance independently of each other. 

Two broad types of underlying processes have been 
suggested to account for the behavioral features of MPFC 
and HPC SS: first, the normal pattern of acquisition and its 
enhancement by noncontingent stimulation could reflect a 
stimulation-dependent incremental process specifically af- 
fecting the magnitude of the reinforcing effects of the stimu- 
lation, perhaps by a mechanism similar to recruitment or 
potentiation (e.g., [3—5, 8, 11, 28]. Secondly, the slow acqui- 
sition of SS and its facilitation by prior stimulation could 
reflect a gradual lessening of some artefactual consequences 
of the stimulation exerting a constraint on operant perform- 
ance, perhaps by way of motor inhibitory or autonomic ef- 
fects, or by disruption of the learning of response sequencing 
or contingencies (e.g., [13,14]). In this context, the features 
of SS behavior would be mainly the outcome of a process of 
habituation and/or of learning effective coping and respond- 
ing strategies unrelated to the mechanisms of reward induc- 
tion. 

However, the dependence of the process underlying the 
progressive onset of HPC and MPFC SS behavior on a 
unique anatomical substrate should allow for the transfer of 
the proactive facilitatory effects of pretraining stimulation of 
one site to the other, regardless of whether such a process 
operates on performance or reinforcement. Accordingly, the 
present results indicate that the normal acquisition of MPFC 
and HPC SS cannot involve the potentiation of anatomically 
identical reward-related pathways Similarly, the results 
show that acquisition of SS of these two sites cannot depend 
on adaptive changes within the same pathways which would 
produce a lessening of stimulation effects limiting perform- 
ance or learning. 

Although the effects reported here do not lead to conclu- 
sions regarding the nature of the factors underlying acquisi- 
tion, they do impose constraints on the exclusive use of 
either type of explanation to account for the SS behavior of 
both sites. The notion of a plastic prefrontal-hippocampal 
‘*reward system’’ must allow for the potentiation of reinforc- 
ing effects to take place independently, perhaps by assuming 
a system constituted of anatomically distinct components 
converging on a common substrate. Similar considerations 
apply to the possibility that adaptation-like phenomena 
underlie the acquisition of SS: the present results indicate 
that such effects must be specific for each SS site. 

The findings of the second experiment demonstrate that 
the process of acquisition of HPC SS can be influenced by 
the activation of the entorhinal input to the hippocampus. 
The specificity of the observed facilitation is suggested by 
the observation that five electrodes located outside the EC 
(crossed circles in Fig. 3) failed to produce a faster acquisi- 
tion of HPC SS. Those five subjects took a mean of eight 
days to reach criterion. In view of the fact that HPC SS has 
been suggested to depend on a mechanism of transsynaptic 
potentiation [4], the observation of the facilitatory effects of 
EC stimulation would suggest that such hypothetical poten- 
tiation might involve the perforant path projection targets, a 
well known site for the observation of such effects (e.g., 
[21]). This would also be consistent with the observation 
that, like SS of the HPC, SS of the EC is significantly antag- 
onized by diazepam [7,9], a drug with anticonvulsant prop- 
erties known to interfere with after discharge activity (e.g., 
[25]) and to facilitate and prolong recurrent inhibitory activ- 
ity in the perforant path-dentate synapses [1]. 

It is worthy of note that, although noncontingent EC 
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stimulation had marked effects on HPC SS, EC SS itself 
displayed little effect of pre-training stimulation. The ab- 
sence of a clear difference between the EC pre-stimulated 
and the EC-Control groups could conceivably reflect the 
presence of a ceiling effect related to the stimulation param- 
eters used. It is possible that the pattern of acquisition ob- 
served in EC animals might vary as a function of the inten- 
sity or duration of the stimulation, and that the use of stimu- 
lation intensities yielding near maximal SS rates precluded 
the observation of a significant reduction in the time course 
of acquisition. 

Alternatively, it is possible that EC SS does not display 
the extended time course of HPC SS because EC stimulation 
is relatively more effective at triggering the process underly- 
ing the establishment of lever pressing performance. This 
would be consistent with the observation that EC SS seemed 
to require fewer training days than HPC SS, and that HPC 
SS in previously untreated rats proceeds at a constant rate 
no matter whether the stimulation intensity is either one half 
or double that used in the present experiments (Robertson, 
unpublished observation). The time differences between EC 
and HPC SS onset could thus reflect differences in activation 
patterns within the HPC and the dependence of the process 
controlling acquisition of HPC SS on the specific excitation 
of a subpopulation of hippocampal elements which might be 
more difficult to achieve when depolarizing stimulation is 
applied to relatively large sections of the hippocampus itself. 

Another possible interpretation of the differences in the 
pattern of EC and HPC SS development could be articulated 
around the notion that the induction of reinforcing effects by 
stimulation of the two sites depends on the activation of 
different substrates. In this perspective, the proactive 
facilitation of HPC SS by EC stimulation would suggest that 


the hippocampal connections with the EC are involved in 
modulating the stimulation-dependent process of lever press- 
ing acquisition but are not themselves part of a paleocortical 
“‘reward system.” 

However, although the acquisition criterion was the same 
in all the groups of the present experiments (i.e., one third of 
peak rates), a direct comparison of the number of days to 
reach criterion across the different sites is of little value be- 
cause the use of different stimulation parameters for each 
site might have produced differences in the magnitude of 
reinforcement associated with SS of each site. In the absence 
of more extensive parametric data and more systematic 
matching procedures (e.g., from choice experiments) the 
possibility that acquisition rates and/or asymptotic rates vary 
according to reinforcement magnitude precludes making use- 
ful comparisons amongst the acquisition patterns at various 
SS loci. 

The demonstration of functional linkage between an SS 
site and a subset of anatomically related structures may 
provide a good indication of the anatomical extent of the 
system or systems capable of effecting the changes underly- 
ing the behavioral process of SS acquisition. In this way, it 
would appear that the HPC and EC are functionally related. 
With respect to the MPFC, there is evidence that the sulcal 
prefrontal cortex is functionally related to MPFC elements 
involved in acquisition of SS and in its maintenance [12,27]. 
Moreover, a similar program of noncontingent stimulation of 
sites within the area of the motor nucleus of the trigeminal 
nerve also has a facilitatory effect on acquisition of MPFC 
and sulcal cortex SS [29]. The present experiments suggest 
that the HPC and EC lie outside the domain of efferents 
and/or afferents to the MPFC which are susceptible to the 
facilitatory effects of pre-training stimulation. 
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FOLLOWING cholinergic denervation of the hippocampal 
formation, peripheral sympathetic fibers originating from the 
superior cervical ganglia (SCG) invade this structure [4,11]. 
Recently, we have demonstrated that prevention of sympa- 
thetic ingrowth results in enhancement of learning, suggest- 
ing a detrimental influence of these fibers on some appetitive 
spatial/memory tasks [8]. To more fully elucidate the role of 
the peripheral sympathetic nervous system in learning and 
memory processes, we removed the superior cervical gan- 
glia and studied acquisition, performance, and reversal learn- 
ing of rats on a modified version of the radial eight-arm maze 
task in which both working and reference memory could be 
assessed [9]. 


METHOD 
Animals and Housing 


Adult male Sprague-Dawley Charles River rats with an 
initial body weight of 180-200 g were housed singly in a 
temperature-controlled and light-controlled environment. 
For all experimental procedures, they were deprived to 85% 
of their ad lib weight with food restriction designed to allow 5 
g body weight gain per week. The rats had continuous access 
to water. 

Group A: Superior cervical ganglionectomy prior to ac- 
quisition. Eight animals underwent habituation as described 
below. Then, four of the animals underwent superior cervi- 
cal ganglionectomy (SGC,) and four animals underwent 
sham procedures. Two days following this treatment, the 
rats underwent acquisition and reversal training as described 
below. 

Group P: Superior cervical ganglionectomy after acqui- 
sition. Ten rats were assigned to this group. All animals 
underwent acquisition and then were randomly divided into 
two groups. Five of the animals received SCG, while five 
served as sham controls. Ten days following surgery, the 
animals were retested until criteria was again achieved, at 
which point all animals underwent reversal procedures. 


Apparatus 


The animals were tested on a standard wooden, eight-arm 
maze (the center platform was octagonal in shape, 30 cm in 
diameter) with arms (75 cm long and 7 cm wide) spaced 
equidistant around. the center platform. The entire appara- 
tus was elevated 100 cm from the floor and was placed in a 
room with numerous visual cues. 


Procedure 


All animals received 4 days of habituation to the maze 
with all arms baited (Kellog’s Froot Loop cereal). During 
acquisition trials and subsequent behavioral testing, one- 
quarter of a Froot Loop was placed in four of the arms 
(baited: working memory), while the others remained un- 
baited (reference memory). The location of the food was 
determined by the use of random number tables and re- 
mained constant throughout the experiment for a given rat. 
A trial continued until all four baited arms were visited and 
the food consumed, or until 10 minutes elapsed. Criterion of 
learning was defined as four correct responses (visiting 
baited arms) in the first five choices during a block of five 
consecutive trials. Errors were defined as either visiting un- 
baited arms or re-entering previously visited baited arms. 

Retention (performance) trials in Group P animals were 
carried out in the same manner as acquisition trials, with the 
same criteria of learning and errors. Reversal trials consisted 
of exchanging baited and unbaited arms. Errors were defined 
as visitng the new unbaited arms or re-entering previously 
visited baited arms. Criteria of learning was defined in the 
same manner as during acquisition trials. 


Surgery 


Under ketamine (175 mg/kg) anesthesia, the superior 
cervical ganglia was exposed, visualized, and removed bilat- 
erally through a midline neck incision. Sham procedures 
were the same except the SCG was not removed. Removal 





TABLE 1 
ACQUISITION GROUP 
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Variable 


Treatment 


Acquisition Trials 


First Block 


Last Block 


Reversal Trials 


First Block 


Last Block 





Total Arm 
Selections 


Total 
Errors 


Errors Committed 
To Baited Arms 


Errors Committed 


SCGx 
Sham SCGx 


SCGx 
Sham SCGx 


SCGx 
Sham SCGx 


SCGx 


heb. 20.99 
7.8 + 0.65 


3.6 + 0.49 
4.05 + 0.50 


0.8 + 0.23 
C7 £0.33 


28 26.3 


4.55 + 0.65 
4.40 + 0.37 


0.35 + 0.18 
0.40 + 0.20 


0 
0 


0.35 + 0.18 


0.16 + 0.03 
0.15 + 0.18 


4.84 + 0.37 


4.52 + 0.65 
4.85 + 1.06 


0.65 + 0.28 
0.85 + 0.34 


0 
0 


0.65 + 0.28 


To Unbaited Arms Sham SCGx 


3.3 £0335 


0.4 +0.20 5.20+1.02 0.85 + 0.34 





Mean (+ SEM) number of total arm selections, total errors, errors committed to baited and unbaited 
arms summed over the first and last five trials of acquisition and reversal learning in Group A animals. 
No group or group times trials differences were found. A significant trials effect (see text) was 


observed in both acquisition and reversal learning. 


TABLE 2 
PERFORMANCE GROUP 





Acquisition Trials 
First Block 


Variable Treatment 


Reversal Trials 


Last Block First Block Last Block 





Total Arm 
Selections 


SCGx 


Total SCGx 
Errors Sham SCGx 


SCGx 
Sham SCGx 


SCGx 
Sham SCGx 


Errors Committed 
To Baited Arms 


Errors Committed 
To Unbaited Arms 


C3 <:0357 
Sham SCGx 8.1 + 0.74 


4.6 + 0.59 


4.4 + 1.06 9.0 
4.45 + 0.10 10.95 


0.40+0.10 5.0 
0.45+0.10 7.0 


4.75 + 0.04 
4.65 + 0.04 


0.75 + 0.04 
0.65 + 0.04 


0.05 + 0.08 0.35 ‘ 0 
0 0.5 0 


0.40+0.10 4.7 0.75 + 0.05 
0.45+0.15 6.2 0.65 + 0.04 





Mean (+ SEM) number of total arm selections, total errors, errors committed to baited and unbaited 
arms summed over the first and last five trials of acquisition and reversal learning in Group P animals. 
No group or group times trials differences were found. A significant trials effect (see text) was 
observed in both acquisition and reversal learning. 


was assessed by examination for a Horner's Syndrome 
(ptosis and miosis). 


Data Analysis 


A repeated measure analysis of variance (ANOVA) was 
used to assess treatment and trials effects, and their interac- 
tion on total selections, total errors, errors to baited and 
unbaited arms. Within and between group comparisons of 
trials to criterion and pre- and post-surgical blocks of trials of 
total selections, total errors, and errors to baited and un- 
baited arms were carried out with a Student’s f-test. 


RESULTS 


Removal of the superior cervical ganglia prior to acquisi- 
tion (Group A) did not significantly alter either initial mas- 
tery of the task or reversal learning. Trials to initial criteria 


(acquisition) ranged between 24 and 79 with no statistical 
differences between ganglionectomized rats (51.7+10.2 SEM) 
and sham-operated animals (44.6+ 11.8). Trials to complete re- 
versal training were also unaffected by SCG, (51.5+9.29, 
SCG, vs. 45.2+7.8, sham SCG,). 

Analysis (ANOVA) of groups, trials, and group x trials 
interaction revealed no statistical differences between 
groups, or group trial interaction on total arm selections, 
total errors, or types of errors committed during either ac- 
quisition or reversal learning. A significant reduction in total 
arm selections, F(76,344)= 1.32, p<0.05 (Acq); F(70,356)= 
2.29, p<0.0001 (Rev); total errors, F(76,344)= 1.44, p<0.01 
(Acq); F(70,356)=2.29, p<0.001 (Rev), and errors to un- 
baited arms, F(76,344)=1.70, p<0.0001 (Acq); F(70,356)= 
2.88, p<0.001 (Rev), was observed to occur over trials in 
both acquisition and reversal, reflecting learning of the task 
(Table 1). 





LEARNING AND THE SUPERIOR CERVICAL GANGLIA 


In Group P animals, the number of trials to criteria were 
not statistically different between animals assigned to SCG, 
(29+3.7) or sham (31+6.6) procedures. Prior to surgical pro- 
cedures, the total arm selection, errors, and types of errors 
did not differ between control and experimental animals 
(ANOVA). Over trials there was a significant decrease in 
total selections, F(47,192)=2.09, p<0.003, total errors, 
F(47,192)=2.25, p<0.0001, and errors to unbaited arms, 
F(47,192=2.73, p<0.0001 (Table 2). 

Performance of this task was unaffected by SCG, or sham 
SCG, (Student’s rt, last block of acquisition trials compared 
with first block of performance trials on all variables). No 
other differences were observed between experimental 
groups in terms of trials to criteria (6.7+1.4, SCG, vs. 
6.7+1.5=sham SCG,). 

Analysis of trials to reversal criterion again revealed no 
difference between SCG, (43.2+7.8) and sham (36.0+2.4) 
animals. No statistical differences (ANOVA) were found for 
group or group X trial interaction on any variable. There was 
a significant decrease in total arm __ selections, 
F(73,247)=4.04, p<0.0001, total errors, F(73,247)=4.0, 
p<0.0001, and errors to unbaited arms, F(73,247)=4.83, 
p<0.0001, over trials. 


DISCUSSION 


The superior cervical ganglia provides the major periph- 
eral adrenergic innervation to the central nervous system 
with peripheral adrenergic fibers confined to the pineal gland 
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[13], choroid plexus [10], mediobasal hypothalamus [3], and 
blood vessels [14]. Bilateral removal of the superior cervical 
ganglia results in a number of changes including alterations 
of CSF production [10] central a-adrenergic receptors [3], 
blood flow [14] and neuroendocrine activity [2]. Behav- 
iorally, changes in feeding [1] and drinking [6] have also been 
reported to occur. 

The results of this study indicate that the peripheral sym- 
pathetic fibers originating from the SCG do not play a major 
role in the initial learning or retention of this particular ap- 
petitive memory task. This suggests that the detrimental ef- 
fects of these fibers on learning and memory processes [10] 
observed following cholinergic denervation is most likely 
due to some direct effect of these fibers within the hippocam- 
pal formation. Since sympathetic neurons contain both nor- 
epinephrine and opioids [5], substances known to affect 
learning and memory [7,12], it is possible that release of 
these transmitters into the hippocampal formation may be 
responsible for the delay in recovery of function. 
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GUENAIRE, C., G. FEGHALI, B. SENAULT AND J. DELACOUR. Psychophysiological profiles of the Roman strains 
of rats. PHYSIOL BEHAV 37(3) 423-428, 1986.—Male rats of the Roman High and Roman Low Avoidance strains were 
submitted to four principal behavioral tests: food-motivated acquisition of bar-pressing in Skinner box, delayed reinforced 
alternation, locomotor activity in a *‘multibox apparatus,’ conditioned suppression, and two biological measures: blood 
pressure and brain octopamine level. Performances of RLA and RHA rats were significantly different in each behavioral 
test. Blood pressure was higher in RHA, but the difference only approached the 0.05 threshold. As previously reported, 
brain octopamine levels of RHA rats were significantly higher than those of RLA. A multivariate treatment (analysis of 
correspondences) was applied to the data of 10 behavioral tests. The main factor extracted by this treatment clearly 
separated the two strains. Among the variables which best differentiate RHA and RLA rats, several do not involve stress 


(working memory, acquisition of bar-pressing, and locomotor activity). 


Roman strains of rats 
Exploratory behavior 


Learning 
Multivariate analysis 


Conditioned suppression 


Working memory Skinner box 





RATS of the Roman strains were selected in the two-way 
shuttle-box avoidance test by Broadhurst and Bignami [2]: 
the Roman High Avoidance strain (RHA) acquires 
avoidance responses rapidly and at a high level; the Roman 
Low Avoidance (RLA) acquires this conditioning slowly and 
at a low level; the Roman Control Avoidance (RCA) has 
intermediate performances. 

These strains were also compared in other tests [S, 7, 15, 
16], but our knowldege of their behavioral differences is far 
from being complete. One very important point has not been 
completely elucidated: do the Roman strains behave differ- 
ently in all kinds of learning tasks or only in two-way 
avoidance conditioning? According to previous data, RLA 
rats may be superior to RHA in other types of tasks [11, 14, 17]. 

We tried to contribute to the determination of the behav- 
ioral profile of these strains by submitting RHA and RLA 
rats to four main behavioral tests: food-motivated operant 
conditioning, delayed reinforced alternation, locomotor ac- 
tivity in a ‘‘multibox’’ apparatus and conditioned suppres- 
sion. For each test, several variables were considered. In 
order to simultaneously take into account all variables, a 
multivariate method of analysis was applied to the behav- 
ioral data. 

Two biological measurements were also performed on 
some animals: blood pressure and brain octopamine levels. 
Previous experiments [4] showed that octopamine levels in 
the hypothalamus and the brain stem were higher in RHA 





than in RLA rats. Since brain levels of octopamine are also 
higher in hypertensive than in normotensive rats [3], blood 
pressure might also differ among the Roman strains. 


METHOD 


BEHAVIORAL TESTS 
Subjects and General Conditions 


Forty-four male rats (twenty-two RHA and twenty-two 
RLA) were used. They were born in our laboratory and were 
the offspring of an initial stock of breeders provided by Prof. 
Broadhurst in 1983. All were 3 to 6 months old at the begin- 
ning of the experiments, which covered a two month period. 
The rats were housed in collective cages before the begin- 
ning of experiments and in individual cages during experi- 
ments; cages were placed in a room with constant tempera- 
ture (23+1°C) and a 12 hr:12 hr cycle of illumination (7 
a.m.—7 p.m.). All the experiments were performed during the 
illuminated part of the cycle. The rats were handled every 
day before the beginning of the experiments or during their 
interruption. 


Appetitive Operant Task 


The test took place in a classical 32x31.5x40 (h) cm 
Skinner box, enclosed in a 49x 32x85 (h) cm sound-isolated 
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cabinet in which sound insulation was aided by a masking 
white noise of 93 dB above the human threshold. A bulb 
fastened to the ceiling of the Skinner box provided a constant 
illumination level of 40 lux in the whole box. The Skinner 
box was made of opaque plastic except for the door which 
was made of transparent Plexiglas. A metallic lever was 
mounted 8 cm above a 6X6 cm food cup into which 45-mg 
food pellets were delivered by a pellet dispenser. Through a 
spy-hole in the door of the cabinet, the animals could be 
observed at any moment of the test. Three identical Skin- 
ner boxes, each located in a different cabinet, allowed the 
simultaneous testing of three rats. 

Familiarization. Forty-eight hours before the condition- 
ing sessions, the animals were put into a Skinner box for 30 
minutes. They were not food-deprived. One pellet was au- 
tomatically delivered in the food-cup every 3 minutes. The 
lever, covered with a small plastic box, was not visible and 
could not be pressed, but the food-cup was accessible. In 
this way, the rats were familiarized with the white noise, the 
noise of the pellets’ dispenser, and the presence of pellets in 
the cup. 

On the evening of the familiarization session, the animals 
were food-deprived and during the remaining 48 hours, re- 
ceived only 10 pellets in their home-cages. Water was ac- 
cessible ad lib. 

Acquisition. Acquisition started 48 hr after the familiari- 
zation session. During the acquisition period, rats received 
30 min after each session a restricted amount of dry food 
which maintained their weight at 80-85% of its initial value. 
The rats were trained on a continuous reinforcement 
schedule and thus received a food pellet whenever they 
pressed the lever during a 30-minute session. The number of 
bar-presses made by each rat was recorded for each block of 
3 minutes. The learning criterion was as follows: During 3 
consecutive 3-minute blocks, the number of presses per 
bleck had to be equal to or higher than the highest number of 
bar-presses in any preceding block in the same session or in 
any other session since the beginning of the experiment. The 
number of bar-presses during the first block of the first ses- 
sion was not taken into account in that computation. It was 
only used as a measure of the operant level (variable CAL 1). 
Rats were trained until they reached criterion but not for 
more than five sessions. The intersession interval was 24 
hours. When they reached criterion, they were submitted to 
an additional session 24 hours later in order to check the 
stability of the bar-press acquisition. 

Two learning scores were computed: the number of bar- 
presses (variable CAL-3) and the number of 3 min-blocks 
(variable CAL-2) to criterion (after exclusion of the first 
block). If a rat did not reach criterion before the end of the 
fifth session, the training was stopped and the learning score 
of that rat was the total number of bar-presses and 3 min- 
blocks for the five sessions, not counting the first block of 
the first session. 


Delayed Reinforced Alternation (DRA) 


The rats were submitted to DRA one week after they 
achieved the appetitive operant test. Twenty-one RHA and 
21 RLA were used. A black plastic T-maze, 40x 10 (stem) 
and 30x10 (arms) x 30 (height) cm was placed in a sound 
isolated room. Two light bulbs fastened in the upper part of 
the room provided constant illumination of about 40 lux at 
the level of the test apparatus. A small glass cup containing 1 
ml of water, the reinforcer used throughout this experiment, 
was placed at the end of each arm. 
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Familiarization. The rats were submitted to five familiari- 
zation sessions (one per day) made up of three trials each. 
The procedure was identical to that of the conditioning phase 
except that the rats were not water deprived and that water 
was present in both arms during the free choice (see below). 
Each trial was composed of two parts: (1) Forced choice: 
One of the arms, left or right according to a random order, 
was closed by a sliding door. The rat was first put into the 
starting box; ten seconds later this box was opened and the 
rat allowed to explore the maze, i.e., the stem and the open 
arm. After spending thirty seconds in the open arm, the rat 
was put back into the starting box. No water was present at 
the end of the open arm. (2) Free choice: Ten seconds later, 
the rat was again allowed to explore the T-maze, but now 
both arms were open. The arm chosen by the rat was re- 
corded. In this part of the trial, water was available at the 
end of both arms. 

The olfactory trails were carefully removed during the 
intra and intertrial intervals. At the end of the familiarization 
stage, the rats were deprived of water for 48 hr, but food was 
accessible ad lib. 

Acquisition. Acquisition started 48 hr after the familiari- 
zation period. On the first acquisition day, it was noted that 
the weight of the rat was reduced to 85 or 90% of its initial 
value. A session (one per day) comprised ten trials based on 
the same procedure as that used during the habituation 
phase. However, during the second part of each trial, water 
was present in only one of the arms, that which was closed 
during the first part of the trial. In other words, during the 
second part of the trial (free choice), the correct response 
was the choice of the arm opposite to the one open during the 
preceding forced choice. We used a non-corrective proce- 
dure: rats could enter only one arm during the second part of 
the trial. Having made a correct response, the rats were 
allowed to drink ten sec at the end of the arm. The position of 
the correct arm (left or right) was changed from trial to trial 
according to a pseudo-random sequence. The correct arm 
was not on the same side in more than two trials in a row, but 
it was on the left or the right for the same number of trials, 5, 
in each session. One hour after the session, the rats were 
given free access to water during half-an-hour in their 
home-cages. They were trained until they reached a criterion 
of 28 correct responses during three consecutive sessions, or 
during twenty consecutive sessions. 

‘**Vicarious trials and error’’ (VTE) behavior was sys- 
tematically observed. This behavior is defined as ‘‘looking 
back and forth (or to the right and left) at the choice point of 
the mazes’’ [12]. It may be positively correlated with the 
progress of learning [13]. We recorded VTE at the choice 
point during the free choice of each conditioning trial. The 
VTE score was the percentage of trials where this behavior 
occurred at least once. The main variables considered in the 
DRA test were: the number of spontaneous alternations (SA) 
during habituation (ALR1), the number of sessions to crite- 
rion (ALR2) and the number of errors to criterion (ALR3). 
For rats which did not reach criterion, the value of ALR2 
was 20 and that of ALR3, was the total number of errors 
during the 20 sessions. 


Locomotor Activity in a Multibox Apparatus 


One week after achieving DRA, each rat had its locomo- 
tor and exploratory behavior tested in a multibox apparatus. 
Twenty-one RHA and 21 RLA were used. All these rats had 
completed the two behavioral precedent tests, had been put 
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TABLE | 
RESULTS OF BEHAVIORAL TESTS 
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Test 1. Appetitive operant conditioning: Call: operant level in the Skinner box; Cal2: number of 3 min-blocks to 


criterion; Cal3: number of bar-presses to criterion. 


Test 2. Delayed-reinforced alternation: Alrl: number of spontaneous alternations; Alr2: number of sessions to 
criterion; Alr3: number of errors to criterion; Alr4: percentage of VTE (vicarious trial and error). 

Test 3. Locomotor activity in a multibox apparatus: Acl: number of boxes entered; Ac2: percentages of retracings. 

Test 4. Conditioned suppression: Suc: pre-shocks levels of locomotor activity; I: suppression index. 


*p<0.05. 

tp<0.01. 
tp<0.001. 

NS: not significant. 


on an ad lib feeding schedule and had recovered their initial 
weight. 

The multibox apparatus consisted of a 626223 (h) cm 
plastic box, divided into nine 20x20x23 (h) compartments 
delimited by vertical walls and communicating by open 
doors. The floor was made of a grid of brass bars 8 mm in 
diameter and separated by a 13-mm interval. Each compart- 
ment was designated by a number. The ceiling was made of 
transparent plastic, thus allowing the observation of the 
animals. 

The main variables considered in this test were: the 
number of compartments entered (AC 1) and the percentage 
of retracing (AC2). Retracing was defined as returning to the 
compartment from where originated the last passage. The 
apparatus was located in a quiet room with a constant tem- 
perature (20°C) and a low level of illumination (60 lux). 

At the beginning of the session, the rats were put in the 
center compartment and were continuously observed for 10 
minutes. Rats of each strain were tested alternately. After 
each rat was tested, the floor and the walls of the apparatus 
were cleaned in order to remove olfactory traces. 


Conditioned Suppression 


One week after the locomotor activity test, the rats were 
submitted to the final behavioral test, which was based on a 
conditioned suppression paradigm. Twenty RHA (one died 
in the course of experimentation) and twenty-one RLA were 
used. Four identical shuttle-boxes were used. The general 
conditions of testing have been previously described [10]. 
This test consisted of 3 sessions, one per day for 3 consecu- 
tive days. On day 1, the rats were tested only for their spon- 
taneous locomotor level in the shuttle-boxes during a 25- 
minute period. They received no shocks. On day 2, they 
were exposed to 10 uncontrollable and unsignalled shocks 
which lasted 10 seconds and had an intensity of 1 mA. They 
were delivered by a scrambler-equipped generator. The 
mean interval between two shocks was 70 seconds (range: 40 
to 90). On day 3, all the rats were again put in the same 
shuttle-boxes, but they received no shocks. Spontaneous 
barrier crossing was recorded during a 25-minute period. 


A suppression index I was computed according to the 
formula I = (A—B)/A, where A is the number of crossings on 
day 1 and B, the number on day 3. I is an increasing function 
of the suppression of locomotor activity. Its value is one for 
a complete suppression; zero or negative when there is no 
suppression. 


BIOLOGICAL TESTS 


Eighteen RHA and 18 RLA were submitted to systolic 
blood pressure and cardiac frequency measurements one 
month after they achieved the last behavioral test. One week 
after the cardiovascular measurements the levels of para- 
and meta-octopamine in the hypothalamus and the brain 
stem were measured according to a previously described 
method [4]. For technical reasons, these measures were per- 
formed only on 13 RHA and 14 RLA. 


STATISTICAL TESTS 


Results of each series of experiments were submitted to 
classical one-dimensional tests. In addition, a multivariate 
treatment, the analysis of correspondences (1), was applied 
to the behavioral data in order to compare the two strains by 
simultaneously considering all the behavioral variables. This 
analysis allows the representation in a two-dimensional 
space of the relationships between data initially defined as 
points of higher order spaces. As in other factor analyses, 
the projection of the data in a two-dimensional space has to 
retain as much of the original information as possible. In 
other words, the two axes or factors which define this space 
are selected for representing the largest percentage of the 
variance of the data. For example, the variance of the data 
on one axis could be 60% of the total variance and the 
other, 20%. In this case, the projection of the data retains 
80% of the original information. However, these axes do not 
coincide with any two of the original variables, age and 
weight for instance, and most frequently cannot be identified 
with current categories. Their dimension is not equivalent to 
that of a physical measure and the coordinates of the data on 
these axes are expressed in arbitrary units. 





TABLE 2 
DELAYED-REINFORCED ALTERNATION TEST 





Errors Sessions 





RHA 
SA Scores 
VTE Scores 
RLA 
SA Scores 
VTE Scores 
Both Strains 
Pooled 
SA Scores 
VTE Scores 


—0.367* 
—0.7034 


0.054§ 
—0.465* 


—0.3407 
—0.536¢ 


—0.246§ 
—0.564¢ 





Coefficients of correlation ‘‘r’’ between learning scores (numbers 
of errors and sessions to criterion), spontaneous alternation (SA) 
and vicarious trial and error (VTE). 

*0.10>p>0.05. 

70.05>p>0.02. 

tp<0.01. 

§p>0.10. 


The main difference between the analys’s of correspond- 
ences and other multidimensional treatments (such as the 
classical factor analysis, the Principal Component or Dis- 
crimant analysis) are: (1) No assumption is made on the ‘‘a 
priori’ distribution of the variables, nor on the belonging of 
an individual to a predetermined group. (2) The analysis of a 
table T (x, Y) leads strictly to the same results as the analysis 


of the transposed T (y, x) table. 

One of the main consequences of these particularities is 
the geometrical possibility of a simultaneous representation 
of individuals and variables on the same graphical plot. This 
greatly simplifies the interpretation by the possibility of as- 
sociating subsets of variables to subset of individuals in a 
direct manner. 


RESULTS 


BEHAVIORAL TESTS (TABLE 1) 
Appetitive Operant Task 


The mean total number of bar-presses to criterion was 
comparable in both strains: F(1,39)=1.06 p>0.05. The mean 
number of bar-presses during the first block of the first ses- 
sion (considered as a measure of the operant level) was sig- 
nificantly higher in RHA than in RLA rats: F(1,39)=24.16 
p<9.001. The mean number of 3-min blocks to criterion was 
significantly lower in RHA than in RLA: F(1,39)=15.45 
p<0.001. We computed the coefficient r of Pearson between 
the operant level and the number of 3-min blocks to crite- 
rion, within each strain and for both strains together: for 
RHA: r=0.147, df=17, p>0.10; for RLA: r=—0.125, df=20, 
p>0.10; for RHA + RLA: r=—0.329, df=39, 0.05>p>0.02. 


Delayed Reinforced Alternation 


Spontaneous alternation behavior during habituation. 
The mean frequency of spontaneous alternations was signifi- 
cantly higher in RLA than in RHA: F(1,40)=9,48, 
0.01>p>0.001. 
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Qualitative differences were also observed between the 
two strains. RLA rats were slower than RHA and had to be 
frequently pushed out of the starting box during the first part 
of the trial. When handled, they struggled less and squealed 
more than RHA. They also urinated and defecated more 
during habituation. 

Acquisition. The number of errors to criterion was signifi- 
cantly lower in RLA than in RHA: F(1,40)=12.52, 
0.01>p>0.001. The number of sessions to criterion was also 
significantly lower in RLA than in RHA rats: F(1,40=8.00, 
0.01>p>0.001. The ‘‘vicarious trial and error’’ scores were 
significantly higher in RLA than in RHA sats: 
F(1,40)= 15.25, p<0.001. We also computed the coefficients 
of correlation r of Pearson between the learning scores on 
one hand (number of sessions to criterion, number of errors 
to criterion), and the SA and VTE scores, one the other, 
within each strain and for strains together (see Table 2). 


Spontaneous Behavior in the ‘‘Multibox’’ Apparatus 


The mean number of passages was significantly higher in 
RHA than in RLA rats: F(1,40)=25.92, p<0.001. The per- 
centage of retracings (as defined in the Method section) was 
significantly higher in RHA than in RLA rats: F(1,40)=6.50, 
0.025>p>0.01. 

Qualitative differences also appeared between the strains. 
Compared to RHA, RLA rats were much slower. They fre- 
quently spent a long time looking around, rearing, and snif- 
fing the walls of the box. They also frequently stayed in a 
corner, were particularly wary before entering a new com- 
partment, and as already noted, made fewer retracings than 
RHA. Other behavioral differences also appeared. For 
example, when the RLA rats entered a new box, they stayed 
in it longer and spent more time grooming than did the RHA. 
However, the amount of urination and defecation was com- 
parable. 


Conditioned Suppression 


The mean number of spontaneous v7"-ier crossings on 
day 1 (shocks being delivered on day 2) was significantly 
higher in RHA rats than in RLA: F(1,39)=21.46, p<0.001. 
The mean value of the suppression index I was significantly 
higher in RLA than in RHA: F(1,39)=9.25, 0.01>p>0.001. 


BIOLOGICAL TESTS 


The systolic blood pressure tended to be higher in RHA 
rats and the difference approached the 0.05 threshold: 
F(1,34)=3.99, 0.10>p>0.05. However, cardiac frequency 
was comparable in both strains: F(1,34)=1.14, p>0.05. The 
brain meta (m-OA) and para (p-OA) octopamine levels were 
higher in the hypothalamus and in the brain stem of the RHA 
than in RLA. For all the measures, the differences are signif- 
icant at the 0.001 level. The coefficients of correlation r of 
Pearson between the systolic blood pressure and the p-OA 
whole brain level were computed. They were not significant, 
neither for RHA, RLA nor for both strains together. 


MULTIVARIATE ANALYSIS (ANALYSIS OF CORRESPONDENCES) 


This treatment was applied to the data of the following 10 
behavioral measurements performed on 17 RHA and 21 RLA 
rats: (1) operant level in the Skinner box: CAL. 1; (2) number 
of 3 min-blocks to criterion: CAL.2; (3) number of bar- 
presses to criterion: CAL.3; (4) spontaneous alternation in 
the DRA test: ALR.1; (5) number of sessions to criterion in 
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the DRA test: ALR.2; (6) number of errors to criterion in the 
DRA test: ALR.3; (7) number of compartments entered in 
the multibox apparatus: AC.1; (8) percentage of retracings in 
the multibox apparatus: AC.2; (9) locomotor activity before 
the shocks in the conditioned suppression test: SUC.1; (10) 
locomotor activity after electric shocks in the conditioned 
suppression test: SUC.2. 

Figure | represents the projection of the data according to 
the main factors extracted by analysis of correspondences. 
Axis 1 (horizontal) represents 41.39% of the total variance; 
axis 2 (vertical), 29.05%. Each rat is represented by a circle, 
black for RLA, open for RHA. The 10 behavioral variables 
are represented by the abbreviations defined above. 

The two strains are differentially situated along Axis |. If 
the two areas delimited by Axis 2 are considered, almost all 
the RLA are in the left one, and almost all the RHA, in the 
right. Several variables are also differentially situated along 
Axis 1: CAL2 to the left, SUC1, SUC2, CAL1, ALR2 and 
ARL3 to the right. Axis 2 does not differentiate the strains 
which are about equally distributed above and below Axis 1. 
However, some variables are well differentiated by Axis 2: 
SUC1 and SUC2, in the upper part; CAL2, ALR2 and ALR3 
in the lower. 


DISCUSSION OF THE RESULTS, TEST BY TEST 


BEHAVIORAL TESTS 
Appetitive Operant Task 


Most rats of both strains reached the learning criterion 
within five sessions, but RHA reached it more rapidly than 


RLA. This difference does not seem to be due to a difference 
in motivational level for the rats’ body weight losses as well 
as their total number of bar-presses, after they reached cri- 
terion, were comparable. Rather, the more rapid acquisition 
by RHA may be due to their higher operant level: we found a 
significant negative correlation between operant level and 
the number of 3-minute blocks to criterion. The high operant 
level of RHA probably gives them more opportunities to 
form an association between the bar-press and its conse- 
quence, the delivery of a pellet. 


Delayed-Reinforced Alternation 


The present study confirms the results reported in a pre- 
vious paper [11]. 

(1) The number of errors and sessions to criterion were 
significantly lower in RLA than in RHA. (2) The SA and 
VTE scores were higher in RLA than in RHA. There were 
significant negative correlations between these scores and 
the number of errors and sessions to criterion in both RLA 
and RHA rats. In other words, the speed of learning in this 
test is positively correlated with the SA and VTE scores. 
These results suggest that: 

(a) RLA rats really may acquire positively reinforced 
learning more rapidly than RHA; (b) SA and VTE behaviors 
probably play an important role in this task. 


Multibox Apparatus 


In this situation, both strains showed qualitative and 
quantitative differences. RHA made more passages but they 
spent less time in rearing, sniffing and inspecting each box. 
The fact that they had a higher percentage of retracing is 
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FIG. 1. Results of the multivariate analysis. Two main factors were 
extracted. Factor | is represented by the horizontal axis. Factor 2, 
by the vertical axis. RLA rats are represented by black circles, RHA 
by open ones. The location of the 10 variables considered in this 
analysis is indicated by that of the corresponding abbreviation (see 
text). It clearly appears that the RLA and RHA rats are well differ- 
entiated along the horizontal axis. 


difficult to interpret. Retracing, that is, going back to the last 
box visited instead of exploring a new one, reflects perhaps a 
defect in short-term memory. This interpretation is sup- 
ported by the fact that the RHA rats were inferior to the 
RLA in the DRA test which sets into play a short-term work- 
ing memory. 


Conditioned Suppression 


The fact that the index I of conditioned suppression was 
higher in the RLA confirms that this strain has a higher level 
of emotional responsiveness that the RHA. It also supports 
the ‘‘freezing’’ interpretation of the low level of performance 
of RLA in active avoidance tests [10]. 


BIOLOGICAL TESTS 


The difference between the RHA’s and the RLA’s brain 
levels of OA confirm the results of previous experiments [4]. 
As the systolic pressure tended to be higher in RHA, these 
results are partially in agreement with data [3] that showed 
brain levels of OA to be higher in hypertensive than in nor- 
motensive rats. However, there was no significant correla- 
tion between blood pressure and cerebral OA measure- 
ments. 
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DISCUSSION OF THE RESULTS OF THE ANALYSIS 
OF CORRESPONDENCES 


According to the rationale of this multivariate analysis [1] 
interpretation of the data is essentially based on the respec- 
tive location of points representing rats of a given strain and 
those representing a given variable. 

In spite of their complexity, these data give at least one 
clear result: the two strains are well differentiated along Axis 
1 which represents 41.39% of the variance. Almost all the 
RLA are located on the left side of Axis 2 and almost all the 
RHA on the right (Fig. 1). According to this differential lo- 
cation, the following variables best discriminate the strains: 
(1) number of 3-min blocks to criterion, (CAL 2), on the left 
side, which represents the fact that in the Skinner box, RLA 
took much more time to acquire the bar-press response than 
RHA. (2) operant level in the Skinner box, (CAL 1), much 
higher in RHA than in RLA, and located on the right side. (3) 
number of sessions (ALR2) and number of errors (ALR3) to 
criterion in the DRA test, on the left side, which reflects the 
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fact that RHA were significantly inferior to RLA in this 
working memory test. (4) level of locomotor activity in the 
shuttle-boxes before receiving shocks (SUC1) and after re- 
ceiving shocks (SUC2), in both cases higher in RHA and 
located on the right side. 

Obviously, these data confirm the partial results given by 
each test but they are not redundant. According to the one- 
dimensional tests, there were significant differences between 
the strains in spontaneous alternation (ALR1), percentage of 
retracing (AC2) and locomotor activity in the multibox test 
(AC1). These variables, however, do not substantially dif- 
ferentiate the strains. The most important information pro- 
vided by the multivariate analysis is that among the variables 
which best distinguish the two strains, several do not involve 
stress (working memory, as measured by the DRA test, lo- 
comotor activity, acquisition of bar-pressing), in spite of the 
fact that RHA and RLA were selected through an avoidance 
conditioning test. Although preliminary, these results may 
make a significant contribution to behavioral genetics and to 
the analysis of some learning tests in the rat. 
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BROEKKAMP, C. L., W. T. O'CONNOR, J. A. D. M. TONNAER, H. W. RIJK AND A. M. L. VAN DELFT. 
Corticosterone, choline acetyltransferase and noradrenaline levels in olfactory bulbectomized rats in relation to changes in 
passive avoidance acquisition and open field activity. PHYSIOL BEHAV 37(3) 429-434, 1986.—Consequences of olfac- 
tory bulbectomy in two behavioural situations, passive avoidance acquisition and activity in a brightly lit open field, were 
measured in the same animals for which data on four biochemical measures were also obtained. The biochemical measure- 
ments were on plasma corticosterone levels, noradrenaline (NA) levels in the midbrain and amygdala + pyriform cortex 
and the choline acetyltransferase (CAT) levels in the olfactory tubercle. Experimental variation in age groups of rats (7 
weeks and 3 months) and in post-bulbectomy periods (1, 2 and 4 weeks) was made. The deficit in passive aviodance as a 
consequence of olfactory bulbectomy was evident in all groups of young animals and in older animals one and two weeks 
post-bulbectomy but not in older animals four weeks after bulbectomy. An increase in open field activity was similarly 
observed in all groups except in the older animals four weeks after bulbectomy. In contrast to reports by other investigators 
the basal plasma corticosterone levels were not increased in bulbectomized animals nor did we observe any diminution of 
NA levels in the amygdala (+ pyriform cortex). CAT levels were slightly increased in older animals two weeks after 
bulbectomy. The absence of a change in the plasma corticosterone level after bulbectomy is discussed in relation to the 
notion that the olfactory bulbectomized rat is in some way relevant as a test model for predicting efficacy of potential 
antidepressant drugs. 
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REMOVAL of the olfactory bulbs in rats causes several 
changes in behaviour. A strong deficit in passive avoidance 
is the best quantifiable change [21, 25, 29], but enhanced 
muricidal behaviour [9,19], increased motor activity in an 
open field [15,26] and hyperirritability [2,30] can also be 
quantified. Changes in the physiology of these bulbec- 
tomized rats have also been reported. For example, 
Cairncross et al. [7,8] reported higher plasma levels of corti- 
costerone, Jancsar and Leonard [14,15] and Cairncross et? al. 
[6] observed decreased noradrenaline (NA) levels in the 
amygdala with pyriform cortex or in the pyriform cortex 
without amygdala respectively, and Gilad and Reis [12] and 
Hirsch [13] found increased choline acetyltransferase (CAT) 
activity in the olfactory tubercle. This search for physiological 





mechanisms underlying the induced behavioural changes is 
not only relevant for the general endeavor to correlate phys- 
iology and behaviour, but may further indicate a possible 
physiological substrate for the disease of depression in man. 
The restorative effect of antidepressants on behavioural 
changes induced by bulbectomy in rats and the neuroendo- 
crinological changes in these rats have been related to mood 
changes and pathological states in man [4, 5, 29]. 

In the present study we aimed to confirm some of the 
reported physiological changes and we attempted to corre- 
late the consequences of olfactory bulbectomy in two be- 
havioural situations, namely the deficit in passive avoidance 
behaviour and the increased activity in the open field, with 
four biochemical measures: the plasma corticosterone con- 
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centrations, the NA concentrations in the midbrain and 
amygdala + pyriform cortex, and the CAT activity in the 
olfactory tubercle. Olfactory bulbs were removed in young 
and adult rats and the biochemical and behavioural param- 
eters were determined one, two or four weeks after surgery. 
This variation in age and postoperative time was selected 
because we have unpublished results showing that the pas- 
sive avoidance deficits due to bulbectomy vary according to 
such variables. 


METHOD 
Animals 


A total of 146 male rats of the Sprague-Dawley strain 
(CD; Broekman Institute, Someren, the Netherlands) 
entered the experiments. The surgery for removal of the ol- 
factory bulbs was performed two days after arrival of the rats 
from the supplier. Young rats had a body weight of 175-225 
g, approximately 7 weeks old, and adult rats had a weight of 
350-400 g, approximately 3 months old at time of surgery. 
The animals were housed singly in 19x23 14 cm macrolon 
cages with sawdust bedding and ad lib food and water. Hous- 
ing was under constant temperature (20°C) and with a 12 
hr-12 hr light dark cycle with lights on at 6 a.m. Experiments 
were performed in the light period for the animals. These 
were daily taken out of the cage and held for a sham drug 
injection by the person performing the behavioural experi- 
ments. The comparison between young and old rats was 
made in three separate experiments with testing one week, 
two weeks or four weeks after bulbectomy. In each experi- 
ment four groups of 12-14 rats were formed so that there 
were groups of young or adult animals either bulbectomized 
or sham operated. With few exceptions due to disturbances 
or accidental loss of data, all rats were tested in the passive 
avoidance and in the open field and were used for corticoste- 
rone determinations. For brain biochemistry only 7 ran- 
domly selected rats were used per group. 


Bulbectomy 


Rats were anaesthetized with pentobarbital (50 mg/kg; 
Nembutal®). The frontal part of the skull was exposed and a 
2 mm hole was drilled in the skull through the frontal suture. 
Via the hole the olfactory bulbs were cut and the bulbs were 
removed by aspiration. The resulting cavity was filled with 
haemostatic sponge (Spongostan®) and the skin was sutured. 
Sham bulbectomized rats went through surgery until the 2 
mm hole was drilled but then the wound was sutured again. 
Upon completion of the behavioural experiments the rats 
were decapitated and the brains were removed from the 
skull. The result of the bulbectomy was inspected visually. 
Data from animals with incomplete removal of the bulbs or 
with damage to the frontal cortex were rejected. 


Open Field Activity 


For testing open field activity a rat was placed in a circu- 
lar open field with 90 cm diameter. The field was surrounded 
by a 45 cm high metallic side. The white floor was divided 
into 60 sections by parallel and perpendicular lines with 10 
cm distances. A 60 W light bulb was suspended 45 cm above 
the open field. The rat was observed from the dark behind 
the light source which was covered from above. Activity was 
scored for 3 minutes by counting the passages of a horizontal 
or vertical line with all four paws. The faecal droppings were 
counted at the end of the three minute observation period. 
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TABLE 1 


PASSIVE AVOIDANCE ACQUISITION BY RATS OF DIFFERENT AGE 
GROUPS AFTER OLFACTORY BULBECTOMY 





Median number of trials for 
acquisition (interquartile range 
in parentheses) 


Postoperative Olfactory 
day Bulbectomized 





11 (9-15)* 
14.5(7-15)* 
10.5(7-14)* 


8 (3-15)* 
8 (6-9)* 
4 (2-9) 





Rearing and grooming were also counted but did not result in 
additional information, so these results will not be reported. 
The field was sponged clean after testing of each rat. The rats 
from the four groups in each experiment were tested in a 
balanced sequence. 


Passive Avoidance 


Passive avoidance was trained in a 55x53x30 cm box 
made of transparent perspex. The cage could be opened with 
a lid on the cage. The bottom consisted of a grid floor 
through which scrambled foot shock could be delivered. A 
platform of 19x19 cm and 4 cm high, also made of transpar- 
ent perspex was placed in the middle of the cage, on the grid 
floor. The cage was placed in a dimly lit room. Four rats, one 
of each group, were brought into the room in their home 
cage. Passive avoidance training was started by placing the 
rat on the platform, allow him to descend and to stay in the 
cage for 1 minute. Then the rat was returned to his cage and 
the next rat was taken. After all four rats had received the 
exploration trial the first rat was taken again and placed on 
the platform. After descending with all four paws on the grid 
a 0.5 mA scrambled shock was set on the grid floor for 3 
seconds. After each trial the grid and platform were sponged 
clean. These acquisition trials were given to the four rats in 
the room in turns. The latency for descending was measured. 
When all four rats had reached the criterion of a 30 seconds 
stay on the platform the next four rats were brought into the 
room for testing. The rats from the four groups were tested in 
a balanced sequence. 


Biochemistry 


For determination of free plasma corticosterone levels 
and estimation of brain amines 7 rats of an experimental 
group were decapitated by guillotine between 10.30 and 
11.30 a.m. Rats were quietly and one by one taken out of the 
housing room by the person who handled the animals in the 
previous weeks, and the decapitation was performed im- 
mediately. Following decapitation, trunk blood was col- 
lected in heparinized tubes and plasma was prepared. Plasma 
was frozen at —20°C until estimation of corticosterone. 

The brain was rapidly extirpated from the skull and the 
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TABLE 2 
OPEN FIELD BEHAVIOR OF RATS IN DIFFERENT AGE GROUPS AND AT DIFFERENT TIMES AFTER OLFACTORY BULBECTOMY 





Shams Olfactory Bulbectomized 


Postoperative Activity counts boli 


activity counts boli 
day means + s.e.m. medians (igqr*) 


means + S.e.m. medians (iqr*) 





112 + 10 (0-1) 156 
113 9 0(0-0) 197 


109 + 10 1(0-3) 156 


108 + 10 0(0-2) 156 
122 + 10 0(0-0) 156 
143 + 10 0(0-0) 130 


137 1(0—4) 
4(1-5)* 
2(0—4) 
6(5-7)t 
4(2-5)§ 
1(0—4) 


I+ I+ I+ 
i+ + I+ 


i+ It It 





*Interquartile range. 
+p<0.05. 

tp<0.01. 

§p<0.001. 


extent of the bulbectomy was examined. The brains of 7 
animals out of each group were immediately dissected ac- 
cording to Popov et al. [23]. Left and right olfactory tubercle 
were combined, frozen on dry ice and stored at —70°C for 
the estimation of choline acetyltransferase activity. Left 
and right amygdala with overlying pyriform cortex were 
combined and homogenized in 10 volumes of cold 0.1 N 
HCIO, (containing 0.26 mM Na.S,O,, 0.1 mM Na,EDTA and 
80 ng 3,4-dihydroxybenzylamine/ml as internal standard). 
The midbrain of each animal was similarly homogenized. 
Protein was precipitated by centrifugation. Protein pellets 
were dissolved in 0.1 N NaOH for protein determination 
according to the method of Lowry. The supernatant’s pH was 
adjusted to 4 with 2 M sodium acetate solution (NaAc) and 
25 ul of this solution was subjected to HPLC for the separa- 
tion of catechol- and indolamines. Chromatography was per- 
formed using an SP8100 system equipped with a Chrompack 
CP'™ Spher C, column (2504.6 mm). The mobile phase 
consisted of 0.1 M HAc, 0.1 M NaAc and methanol in a 
ration of 84%: 11%:5% (v/v/v). HAc and NaAc contained 0.75 
mM heptanesulfonic acid and 0.26 mM Na,EDTA. The flow 
rate was | ml/min. Electrochemical detection of norad- 
renaline, dopamine, serotonin and 5-hydroxyindole-acetic 
acid in the HPLC eluate occurred at +750 mV, employing a 
Metrohm E656/1 cell with E641 potentiostat. Calibration 
samples, containing 0.5—4 ng of the amines were run along 
with the experimental samples. The results on dopamine, 
serotonin and 5-hydroxyindole-acetic acid were not consid- 
ered relevant to report here. 

Olfactory tubercles were thawed and homogenized in 10 
volumes of cold 50 mM sodium-phosphate buffer (pH 
7.4) containing 0.5% (v/v) Triton X-100. Choline 
acetyltransferase activity was measured in these samples fol- 
lowing the method of Fonnum [10]. Following toluene- 
extraction, plasma corticosterone was estimated using a 
radioimmunoassay employing sheep _ corticosterone- 
antiserum and *H-corticosterone as the tracer. Non-bound 
corticosterone was adsorbed to dextran-coated charcoal and 
precipitated. Antibody-bound corticosterone was measured 
by liquid scintillation counting of the supernatant. The sen- 
sitivity of the assay amounted to | ng/ml plasma at 50% 
binding. 


Statistical Evaluation 


Parametrically treated data, with standard errors of the 
mean, were compared with controls with two-tailed Student's 
t-tests and non-parametrically treated data, with interquar- 
tile ranges, were tested with Mann-Whitney U-tests. 


RESULTS 


From the data on passive avoidance and open field be- 
haviour it is clear that olfactory bulbectomy strongly affects 
the behaviour of young and adult rats for several weeks after 
surgery (Tables 1 and 2). The only group, for which un- 
changed acquisition of passive avoidance and unchanged ac- 
tivity in the open field was measured, was the group of adult 
rats four weeks after bulbectomy. One and two weeks after 
surgery the young and adult olfactory bulbectomized animals 
displayed strong deficits in passive avoidance acquisition 
and had increased activity in the open field. This correlation 
between the passive avoidance deficit and the open field 
hyperactivity can not be subjected to further statistical 
analysis. This would only be possible if we had certainty on 
behavioural deficits per individual animal. The number of 
defaecations was increased although statistical significance 
was not reached in all groups. 

Olfactory bulbectomy did not increase the plasma corti- 
costerone levels of animals in any of the groups (Table 3). In 
a separate experiment sham operated and olfactory bulbec- 
tomized animals were decapitated on different times of the 
day on day 14 post-operatively. The plasma corticosterone 
levels were highly dependent on the time of the day with 
levels at 5 p.m. exceeding those of 8 a.m. at least 30 times 
(Table 4). No differences were found between bulbec- 
tomized and sham-operated rats at these other times of the 
day either. 

Noradrenaline levels in amygdala + pyriform cortex or 
midbrain of bulbectomized animals were not different from 
those of the sham-operated animals (Table 5). 

CAT levels in the olfactory tubercle were increased in one 
group only, the adult animals 15 days after surgery (Table 6). 


DISCUSSION 


We find that age and postoperative time are relevant fac- 





TABLE 3 


PLASMA CORTICOSTERONE LEVELS IN RATS OF DIFFERENT AGE 
GROUPS AT DIFFERENT TIMES AFTER 
OLFACTORY BULBECTOMY 
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TABLE 4 


COMPARISON OF PLASMA CORTICOSTERONE LEVELS IN 
OLFACTORY BULBECTOMIZED RATS AND SHAM OPERATED 
ANIMALS 14 DAYS AFTER SURGERY 





Mean corticosterone levels in plasma 
in wg/100 ml plasma (+s.e.m.) 
Postoperative 


day Shams N_ Bulbectomized N 





6.8 
4.5 
= 


2.0 12 
1.4 11 
1.8 12 


af = §8-13 
93433 
10.8 + 2.7 


a 


I+ I+ I+ 
+ H 


in to we 


i+ 


ae 
nf. A © 


I+ 
I+ I+ I+ 


oo 


rig 

~ 

NNO NYS} 
w oo 


in 





Corticosterone levels in zg/100 ml plasma (+s.e.m.) 


Time of day Shams N Bulbectomized N 





8.00 a.m. 0.8 + 0.4 0.7 + 0.2 
11.00 a.m. 0.46 + 0.06 0.8 + 0.2 
3.00 p.m. 8 2 m2 
5.00 p.m. 28 3 21 +4 





TABLE 5 


LOCAL NORADRENALINE (NA) CONCENTRATIONS IN RATS OF DIFFERENT AGE GROUPS AT DIFFERENT 
TIMES AFTER OLFACTORY BULBECTOMY 





Amygdala + 
pyriform cortex 


Postoperative 
day Sham 


Bulbectomized 


NA levels (ng/mg protein) 


Midbrain 


Sham Bulbectomized 





Young 
rats 


Adults 
rats 15 
29 


8.8 + 0.8 
23:2 1.2 
10.9 + 0.9 
9.9 + 0.3 


14.0 + 0.9 
11.4 + 0.9 


9.2 + 0.9 
11.8 + 0.9 
14.4 + 1.6 


9.8 + 0.6 
13.9 + 0.6 
12.8 + 1.2 





*All values are means + s.e.m. of groups of 7 animals. 


tors influencing the effect of bulbectomy on behaviour. The 
older rats, four weeks after surgery had no detectable deficit 
in passive avoidance learning. This group also had the lowest 
activity level in the brightly lit open field but this variable is 
more difficult to use as an indicator of recovery for this 
group because activity in the corresponding sham animals 
was higher than in the other sham operated groups. Other 
studies, measuring muricidal behaviour of bulbectomized 
rats, also describe strain and age differences in the be- 
havioural sequelae of bulbectomy [24,27]. In Wistar rats we 
never saw strong deficits in passive avoidance acquisition 
(unpublished). One would expect such differences to be re- 
flected in equally striking differences in the physiological 
correlates or causes for the behavioural changes after bulb- 
ectomy. Without knowing which underlying physiological 
correlates are important, we are not able to explain why 
strain and age differences in behavioural sequelae of bulbec- 
tomy exist. 

The free corticosterone levels were not different in bulb- 
ectomized rats compared to controls. This conclusion holds 
for the two age groups and the different post-operative times. 
It also holds for different times of the day. This result con- 
firms the finding of O'Connor and Leonard [22] but is at 
variance with the reports of Cairncross et al. [7,8]. The ex- 


planation for the difference may be that we took extreme 
care to measure basal levels by excluding any unexpected 
event for the rat until a few seconds before death. As the 
bulbectomized rats are hyperreactive an unexpected 
stimulus may arouse them more than controls. Also, group 
housing of aggressive bulbectomized animals may be a 
source of external stress on the individual animal. Such cir- 
cumstances may have increased apparent basal levels in bulb- 
ectomized rats in other studies [3, 7, 8]. We believe on the 
basis of our results that the reported increased steriod levels, 
be it “‘basal’’ or shock-induced, are a consequence of the 
hyperreactivity of bulbectomized rats. 

Our finding of a lack of an increased basal plasma steriod 
level diminishes the attractiveness of the bulbectomized rat 
as a test model for new antidepressant agents. The increased 
plasma steriod level in the bulbectomized rat has been one of 
the arguments supporting the attractiveness of this rat as a 
test model [5], since a subgroup of depressed patients is also 
characterized by high plasma steriod levels [16, 20, 31]. The 
validity of the model now only rests on the positive effect of 
a number of existing antidepressants upon chronic treatment 
[{1, 3, 4, 17]. It has been argued before that potentiation of 
serotonergic transmission might be the main mechanism in 
the restorative effect of drugs on the behavioural deficits of 
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TABLE 6 


CAT LEVELS IN THE OLFACTORY TUBERCLES OF RATS IN DIFFERENT AGE 
GROUPS AT DIFFERENT TIMES AFTER OLFACTORY BULBECTOMY 





Postoperative 
day 


CAT levels (nmoles acetylcholine/ 


15 min/mg protein) 


Bulbectomized %Change 





I+ I+ I+ 


i+ I+ I+ 


NN 
in 


51 
50 
59 


+6 
— | 
+9 
54 
57 
53.5 


+5 
+26 


+6 





*p<0.05. 


+All values are means + s.e.m. of groups of 7 animals. 


bulbectomized rats [1]. If anything the bulbectomized rat can 
more properly be considered as a model for the detection of 
antidepressants rather than as a model for depression [3,17]. 

In our experiments the noradrenaline levels in the 
amygdala + pyriform cortex did not change as a consequence 
of bulbectomy. Measurements of noradrenaline four weeks 
after bulbectomy indicated sometimes decreased and some- 
times unchanged levels in the amygdala with overlying cor- 
tex [15]. Tonnaer et al. [28] found no change in noradrenaline 
levels in the amygdala with overlying cortex, although turn- 
over measurements revealed possibly relevant but small 
changes [14,28]. We conclude that the noradrenaline concen- 
trations in the whole amygdala are not consistently changed 
in bulbectomized rats which do have clear behavioural dis- 
turbances. However, we do not wish to exclude that more 
significant changes in transmitter levels may occur in small 
subnuclei of the amygdala but such changes are not yet re- 
ported. In view of the role of the medial part of the amygdala 
in the restoration of the passive avoidance deficit, as 
demonstrated by local injection studies [11], it will be of 
particular interest to determine postbulbectomy transmitter 
changes in this subnucleus of the amygdala. 


CAT levels in the olfactory tubercle of bulbectomized rats 
revealed small changes which we found of statistical signifi- 
cance only in one group comparison. Gilad and Reis [12] 
reported 14-30% increases in CAT activity in the olfactory 
tubercle from 2 to 14 days after unilateral bulbectomy and 
Hirsch [13] reported in mice an increase in CAT levels from 4 
to 16 weeks after bilateral bulbectomy but not after one or 
two weeks. Such increases might reflect compensatory ac- 
tivity of cholinergic projections into denervated areas. It 
might functionally be an overcompensation and actually be 
the cause of a behavioural change [18]. However, we con- 
clude that the CAT level in the olfactory tubercle is not a 
convincing indicator for this possibility because it does not 
clearly correlate with the behavioural effect. 
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McCUTCHEON, N. B., M. N. GUILE AND R. McCORMICK. Electrical stimulation of the medial forebrain bundle- 
posterior lateral hypothalamus attenuates gastric lesions. PHYSIOL BEHAV 37(3) 435-440, 1986.—The major purpose of 
Experiment | was to see if electrical stimulation of the brain in an area that supports self-stimulation can act during stress to 
attenuate the severity of gastric lesions produced by six hours of tailshock and restraint. It was found that rats receiving 
electrical stimulation of the medial forebrain bundle-posterior lateral hypothalamus had significantly less gastric pathology 
than control subjects not receiving stimulation. Further experiments sought to examine characteristics of the stimulation 
that would account for this finding. Experiments 2 and 3 studied signal and analgesic properties, respectively, of the brain 


stimulation, but did not find evidence for their involvement in the effect. 
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IN 1932 Cushing [6] observed that severe peptic ulcers can 
follow brain surgery in humans. Since then numerous exper- 
imental studies on animals [10, 15, 26, 31, 48] have produced 
gastric pathology by means of brain lesions, particularly 
when these lesions are located in the lateral hypothalamus 
[17, 24, 30, 40]. A few studies have shown that electrical 
stimulation of the brain (ESB) can act to decrease stomach 
ulcers. Freimark [14] found stimulation of the medial fore- 
brain bundle attenuated the gastric pathology of rats ad- 
ministered footshock while bar pressing for food. Marshall 
and McCutcheon [32] reported that stimulation of the 
posterior lateral hypothalamus during a 2 hr rest period fol- 
lowing a 6 hr session of intermittent footshock decreased 
gastric ulcer development. We see these two stimulation ex- 
periments as interesting attempts to bring together the fac- 
tors of reward and punishment as they interact to affect the 
severity of a stress reaction. At the same time, we saw the 
need to replicate the ulcer reduction effect reported by 
Freimark [14] with a simpler design, that is, one less compli- 
cated by questions of energy maintenance and adaptation to 
long-term stress. Freimark’s [14] experiment involved weeks 
of daily 50 min footshock sessions and Marshall and 
McCutcheon [32] administered ESB only after the shock 
session was over. Having developed a reliable and relatively 





rapid way of inducing gastric lesions [20—22, 23, 36], we de- 
signed an experiment which focused on whether ESB in an 
area that normally supports self-stimulation (the medial 
forebrain bundle-posterior lateral hypothalamus [MFB- 
PLH] can attenuate the formation of stomach lesions during 
a short-term ulcer induction procedure. This was the pur- 
pose of our first experiment. 


EXPERIMENT | 


METHOD 
Subjects 


The animals were 45 male Long-Evans rats from Blue 
Spruce Farms (Altamont, NY), about 3 to 4 months old at 
the start of the study. They were individually housed in a 
temperature controlled room with a 12 hr/12 hr light/dark 
cycle (lights on at 7:00). The rats were maintained ad lib on 
tap water and Wayne Lab Blox with the exception that all 
subjects were food deprived 24 hr before surgery and 48 hr 
before the ulcer induction procedure. 


Apparatus and Procedure 


Animals were unilaterally implanted under sodium pen- 


1Requests for reprints should be addressed to either Bruce McCutcheon, Department of Psychology, SUNY at Albany, 1400 Washington 
Avenue, Albany, NY 12222 or Michael Guile, Psychology Department, Northeastern State University, Tahlequah, OK 74464. 





436 


tobarbital anesthesia (65 mg/kg, IP) with bipolar electrodes 
(MS 303/2, Plastic Products Company, 0.5 mm diameter) 
aimed at the posterior-lateral hypothalamic portion of the 
medial forebrain bundle. The flat skull coordinates were: 
from bregma posterior 3.3 mm; from bregma lateral 1.5 mm; 
and from the surface of the skull, ventral 8.2 mm. This site 
was chosen because it supports high rates of intracranial 
self-stimulation (ICSS) with a minimum of avoidance re- 
sponses [41]. 

After a recovery period of at least 1 week following 
surgery, animals were trained to bar press on a continuous 
reinforcement (CRF) schedule for 0.4 sec bursts of 60 Hz AC 
stimulation in standard operant chambers. Following train- 
ing, an ascending and descending series method was used to 
determine the lowest current value that would maintain 
stable bar pressing (operationally defined as at least 350 re- 
sponses/15 min with no interresponse interval greater than 30 
sec for each rat). Current levels were determined by oscil- 
loscopic measurement of voltage (0 to peak) across a 10 K 
precision resistor in series with the rat in a constant current 
stimulation circuit. 

A week following self-stimulation training, rats were 
placed in a 6 hr tailshock-restraint ulcer induction procedure. 
The rats were put into Plexiglas neck-restraint tubes and 
shock electrodes made from fuse clips were affixed near the 
base of the tail (for a drawing and greater details of the appa- 
ratus and procedure see [23]). Then a 6 hr session of constant 
current AC, 3.0 mA, | sec unsignalled electric tailshocks 
delivered on a variable time 45-sec schedule (for an average 
of 480 shocks in 6 hr) was begun. Animals were tested in 
squads of three to five and all sessions began between 8:00 
and 11:00 and ended between 14:00 and 17:00. Experimental 
(ESB) subjects were self-stimulators (n=21) who received 
0.4 sec brain stimulations on a fixed time 10 sec schedule 
with the exception that no brain stimulation was adminis- 
tered within 10 sec after or concurrently with shock (for an 
average of 1,680 total brain stimulations during the 6 hr). The 
interval between ESB and a successive tailshock was un- 
specified. ESB current level was 2x effective current value 
determined during self-stimulation training, Control 
(nonESB) subjects were nonself-stimulators (n=24) who did 
not receive any brain stimulation but were otherwise treated 
the same as the ESB group. 

Following the 6 hr induction procedure and under a lethal 
dose of sodium pentobarbital, the stomachs of the rats were 
removed, cut along the greater curvature, and pinned flat. 
Immediately thereafter the body was perfused through the 
heart with 0.9% saline and 10% formalin solutions and the 
brains were removed and fixed for histological analysis. 
Stomachs were scored for number and cumulative length of 
discrete blood-filled glandular lesions. The block of the brain 
containing the electrode tract was sliced in 40 micron frozen 
coronal sections and thionine stained using Donovick’s [8] 
technique. 


RESULTS 


Histology and Stimulation Levels 


The locations of the electrode tips for the ESB subjects 
were clustered, as expected, in the MFB-PLH (see Fig. 1). 
Electrode placements in nonESB subjects were generally too 
lateral and intruded on the internal capsule. This is consis- 
tent with observed motor effects caused by stimulation dur- 
ing unsuccessful attempts to train these rats to self-stimulate. 
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FIG. 1. The effective electrode sites were scattered in the left or 
right posterior hypothalamus within the region outlined by the dot- 
ted oval on a representative plane of a stereotaxic atlas schema (L. 
J. Pellegrino and A. J. Cushman. A Stereotaxic Atlas of the Rat 
Brain. New York: Appleton-Century-Crofts, 1967). Electrode sites 
of nonstimulating rats, who received no ESB during ulcer induction, 
are not shown but generally were dorsal and lateral to the outlined 
region. 


The mean+SE current level for ESB animals during the 
ulcer induction session was 101.6+7.2 microamperes. 


Lesion Count 


The means+SEs for the ESB and nonESB rats were, in 
order, 1.9+0.4 and 8.1+1.5. This difference was statistically 
significant, two-tailed Mann-Whitney U=425.5, p<0.0001. 


Cumulative Lesion Length 


The means+SEs for the ESB and nonESB animals were 
0.9+0.3 mm and 5.4+1.4 mm, respectively. This difference 
was also statistically significant, two-tailed Mann-Whitney 
U=404, p<0.0006. 


DISCUSSION 


The difference in degree of ulceration between the ESB 
and nonESB groups was large. Medial forebrain bundle- 
posterior lateral hypothalamic stimulation had a powerful 
influence in protecting the rats from stomach lesions caused 
by restraint and inescapable tailshock. Even though the 
present design differed greatly from Freimark’s [14], a simi- 
lar result was obtained with ESB. 

The ulcer difference between the ESB rats and the non 
ESB rats was not due to an inflated level of ulceration in the 
unstimulated group (perhaps caused by the brain lesions re- 
sulting from electrode placement). This group’s degree of 
stomach ulceration was typical of that seen in unoperated 
rats put through the same procedure (e.g., see Experiment 2). 

What is the mechanism of this protective effect of ESB? 
Experiments 2 and 3 sought to examine characteristics of the 
stimulation that would account for this finding. 


EXPERIMENT 2 


It has been shown [9,37] that ESB can be used as a con- 
ditioned stimulus (CS). Other research has shown that a CS 
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TABLE 1 
VOCALIZATION THRESHOLD (IN mA): FOOTSHOCK 


TABLE 2 
VOCALIZATION THRESHOLD (IN mA): TAILSHOCK 





Hour 


Minute 


Pretest 





0.5 0.45 0.45 
0.65 0.4 0.3 

0.4 r 0.3 0.35 
0.25 , 0.2 0.25 


Means 0.45 0.34 0.34 





0.2 
0.45 
0.55 





that reliably signals electric shocks reduces the stress caused 
by those shocks [1, 21, 49]. Might not the ESB used in Ex- 
periment | serve as such a CS? At first we considered this an 
unlikely possibility with the ESB on a fixed time 10-sec 
schedule and the electric shock delivered on a variable time 
45-sec schedule. One would think that the ESB would make 
a poor signal under these conditions. However, the relation- 
ship between the ESB (CS) and the shock (unconditioned 
stimulus [UCS]) in Experiment 1 was not a “‘truly random 
control’ [42,43]. Consequently, the possibility exists that 
the rats could have used the occurrence of ESB on a 
probabilistic basis to anticipate shock (cf. [28]). Numerous 
studies [2, 19, 27] have demonstrated that animals are sensi- 
tive and resourceful when it comes to discriminating stimuli 
that predict aversive events. In this experiment a group of 
rats was exposed to tones (delivered on the same schedule as 
the ESB in Experiment 1) and then compared to a group of 
rats not receiving such tones. Our reasoning was that if the 
rats in Experiment | were using the ESB as a CS to predict 
shock, then the rats in Experiment 2 could do the same with 
tones as the CS. 


METHOD 
Subjects and Apparatus 


The animals were 23 rats similar to those used in Experi- 
ment | and, aside from not having any surgery, treated the 
same. Subjects were randomly assigned to the two groups. 
The same shock and timing equipment was used as in Exper- 
iment 1. Tones were produced by a Lafayette Instrument 
Co. 2800 Hz Sonalert tone generator (model number 80223). 


Procedure 


The ulcer induction and scoring procedure was the same 
as in Experiment 1 with the following changes. Animals in 
the tone group (n=12) received 1-sec, 2800-Hz tones deliv- 
ered on the same fixed time 10-sec schedule used to deliver 
ESB in Experiment | (tones have been successfully used as 
predictive cues for stressor shocks in other experiments 
from our laboratory [21]). Rats in the no-tone group (n=11) 
received no tones but were otherwise treated the same as 
subjects in the tone group. 


RESULTS 
Lesion Count 


The means+SEs for the tone and no-tone rats were, in 





order, 9.7+2.8 and 6.9+ 1.3. This difference was not statisti- 
cally significant, two-tail Mann-Whitney U=62.5, p>0.1. 


Cumulative Lesion Length 


The means+SEs for the tone and no-tone groups were 

mm and 2.5+0.6 mm, respectively. This difference 

was not statistically significant, two-tailed Mann-Whitney 
U=5S9, p>0.1. 


DISCUSSION 


There were no reliable differences in gastric pathology 
between the tone and no-tone animals. The hypothesis that 
subjects could use tones to predict shocks on the schedules 
used here was not supported. Although there are obvious 
and important differences between tones and ESB and CSs, 
much research has shown that animals are sensitive to subtle 
stimuli nonrandomly associated with strongly aversive 
events. Under such circumstances, CSs of different modal- 
ities can be considered equivalent in signal (i.e., predictive) 
value, given the heightened arousal of the animal being 
shocked. Therefore the ulcer reductions of Experiment | are 
probably not attributable to the signal characteristics of the 
ESB per se. Another explanation is required. Experiment 3 
examined analgesic properties of the ESB used in Experi- 
ment 1. 


EXPERIMENT 3 


There is good cause to assess the analgesic qualities of the 
MFB-PLH stimulation in the first experiment. Medial fore- 
brain bundle lesions decrease nociception thresholds [50]. 
Hypothalamic stimulation has been shown to attenuate the 
aversive effects of footshock [5, 7, 44], hindbrain stimulation 
[4], and cold exposure [45]. Although lateral hypothalamic 
stimulation does not consistently produce analgesia (see 
[35]) and there is disagreement on how long analgesia oulasts 
ESB (cf. [44, 51]), it is obviously important to see if pain 
reduction might be involved in our stress-ESB paradigm. If 
the pain from tailshock is reduced by MFB-PLH stimulation, 
then this could account for the attenuation of gastric pathol- 
ogy seen in Experiment 1. 


METHOD 
Subjects 


The animals were four rats similar to those used in Exper- 
iment | and treated the same. 
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Apparatus and Procedure 


All rats experienced the same surgery and ICSS training 
as in Experiment | and were self-stimulators. The animals 
were tested for vocalization to footshock by being placed in a 
grid-floor chamber (45.7 cm?) to which scrambled footshock 
was applied in discrete steps using the same shocker used in 
the two previous experiments and a Lafayette Instrument 
Co. neon grid scrambler (model number 58020). Footshock 
was applied for 1 sec in 0.1 mA steps delivered in ascending 
order every 30 sec. The ascending run was terminated when 
the rat vocalized on two successive steps. After one minute, 
a second run of ascending steps was delivered. The threshold 
was taken as the mean value of the first vocalization cur- 
rents. 

Following determination of footshock vocalization 
threshold, ESB was automatically delivered at 110 microam- 
peres (approximately twice the current level that sustained 
stable self-stimulation on a CRF schedule) for 0.4 sec on a 
fixed time 10-sec schedule (as in Experiment 1). At the end 
of each hour of ESB, over 6 consecutive hours, a vocaliza- 
tion threshold determination was made. During threshold 
testing, ESB continued to be delivered, with footshock fol- 
lowing an ESB pulse after 5 sec. 

A second test was made with these animals one week 
later. In this test tailshock was delivered through tail elec- 
trodes as described in Experiments | and 2. The rats were 
tightly wrapped in fiberglass screening to restrain them and 
then tested for vocalization to tailshock in the manner de- 
scribed for footshock testing. After vocalization threshold 
had been determined, ESB with current and duration values 
described above was delivered once every 4 sec for 1 hr. 
After 20 min, 40 min, and 60 min, threshold to tailshock was 
determined, while ESB continued, with tailshock following 2 
sec after an ESB pulse. For both tests, the rats were food 
deprived for 48 hr in order to match the deprivation condi- 
tions of Experiment 1. 

Following the experimentation, the rats were overdosed 
with sodium pentobarbital and perfused. Brains were re- 
moved, soaked in 10% formalin brain storage solution for 
one week, and then cut in 40 micron sections with a cryostat 
microtome. Wet sections were mounted on glass slides with 
a drop of glycerin and coverslipped. Projection microscopic 
tracings were made of appropriate sections. 


RESULTS 
Vocalization Thresholds 


Results are presented in Tables 1 and 2. Neither in the 
footshock condition nor in the tailshock condition was there 
any increase in threshold to shock. On the contrary, 
thresholds tended to decrease in value for some of the 
animals. 


Histology 


Rats 1, 2, and 3 had electrode tips just lateral to and in line 
with the mamillothalamic tract at the midlevel plane of the 
ventromedial nucleus. Rat 4’s electrode tip lay more lateral 
to the line of the mamillothalamic tract, in the areas of the 
zona incerta. These placements were all grouped within the 
array of sites tested in ESB subjects in Experiment 1. 


DISCUSSION 


The analgesia hypothesis was not supported by our re- 
sults. This experiment failed to demonstrate significant anal- 
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gesic effects of ESB at our electrode site in the MFB-PLH. 
We infer, therefore, that the brain sites used in Experiment 1 
were capable of reducing stress ulceration without involving 
a direct analgesic action. In this regard, it is important to 
note that the stomach ulcer reduction reported by Freimark 
[14] was found in ESB subjects which showed a sustained 
suppression of responding for food during the stressor shock 
sessions. This suppression suggests that his ESB animals 
were not analgesic to the electric shock. 

Short of replicating Experiment 1 with the addition of 
pain threshold testing, however, we cannot rule out 
analgesia as a possible factor operating in Experiment 1. 
There remains the question of possible interaction between 
ESB and stress which might cause a delayed analgesia to 
develop. Further, there is the possibility that the 4 rats in 
Experiment 3 were not truly representative of the rats in 
Experiment | as far as analgesia is concerned even though 
they were representative as to self-stimulation behavior, ef- 
fective current level and electrode position. The only ques- 
tion we can answer with assurance is whether electrical 
stimulation delivered to similar brain sites in the same man- 
ner as in Experiment | cause analgesia which outlasts the 
ESB pulse. Because of the temporal separation of ESB and 
painful shock in Experiment 1, a condition of enduring 
analgesia would be required to be a factor in that experiment. 
We showed, in Experiment 3, that 6 hours of ESB delivered 
on the same schedule as in Experiment | failed to alter foot- 
shock reactivity. Nor did | hour of ESB affect tailshock 
sensitivity. Since the tail is less sensitive than the foot to 
ESB analgesia [3,16], it seems reasonable to conclude that 
ESB delivered in this manner to our electrode sites does not 
cause a change in reactivity to either tailshock or footshock 
when there is temporal separation of ESB and pain. This 
conclusion is supported by published accounts of ESB 
analgesia which show that SS sites in the posterior hypothal- 
amus do not produce analgesia lasting beyond the duration of 
the ESB pulse [35,51]. The only exception to this [44] may 
have involved stimulus conditions which caused activation 
of the periaqueductal analgesia region [35]. 

It is clear from a review of the literature on ESB-induced 
analgesia that many factors determine whether or not one 
obtains an analgesic effect with ESB. Principal factors in- 
clude position of electrode, size of stimulation area (current 
intensity and monopolar vs. bipolar electrodes), temporal 
separation of ESB and noxious stimulation, part of body 
being tested (e.g., tail vs. feet), and complexity of the re- 
sponse being evaluated (e.g., escape behavior vs. vocaliza- 
tion or tailflick). The reason we did not obtain analgesia from 
our electrode stimulation site is probably due to the fact that 
we temporally separated ESB and shock (as did Freimark 
[14]) and used ESB loci and stimulation parameters which 
were inadequate to stimulate periaqueductal regions known 
to activate opiate peptide mediated analgesia [35]. 


GENERAL DISCUSSION 


In Experiment | electrical stimulation of the MFB-PLH 
attenuated the gastric pathology normally produced by tail- 
shocks and restraint. Two subsequent studies failed to find 
evidence for signal and analgesic qualities of the ESB that 
could account for this attenuation. The mechanism by which 
ESB reduced stomach ulceration remains to be determined. 
We suggest several avenues of approach. 

One possibility is that ESB in the lateral hypothalamus 
causes a direct and protective change in gastric processes 
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which ameliorates the erosive effects of stressors. For many 
years it has been known that the hypothalamus plays a role 
in controlling gastric activity [12, 29, 38, 46, 47]. However, in 
a recent review Grijalva, Lindholm and Novin [18] found 
many studies present equivocal results. More needs to be 
discovered about the relationship between specific ESB sites 
and gastric events that would serve in a protective capacity 
(e.g., gastric secretions, motility, blood flow, etc.). 

A second possibility is suggested by recent findings on 
neurotensin-induced gastric protection [39]. The fact that 
pharmacological antagonism of dopamine activity blocks 
neurotensin protection [25] as well as reduces the reward 
value of hypothalamic ESB [13] raises an interesting ques- 
tion about a possible neurotensin mediation of our ESB- 
induced gastric protection against stress ulceration. 

A third possibility is that the ESB blocks the fearful, de- 
fensive state of an animal about to be hurt (cf. [34]). The ESB 
may have this effect by disrupting the production of 
diazepam-binding inhibitor (DBI), a putative ‘‘anxiety pep- 
tide’’ that is found in the hypothalamus, binds to ben- 
zodiazepine receptors, and has the effect of increasing anx- 
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iety [11,33]. Perhaps a reduction of stomach lesions like that 
obtained in Experiment 1 with ESB could also be achieved 
by administration of benzodiazepine drugs. 

In conclusion, it would be interesting to look for stomach 
lesion reduction, or any other index of an ameliorated stress 
response, during rewarding ESB that is free from analgesic 
or strong autonomic effects. For future investigations we 
are looking to the medial, prefrontal cortext in this regard. 
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STRUBBE, J. H. AND A. J. ALINGH PRINS. Reduced insulin secretion after short-term food deprivation in rats plays a 
key role in the adaptive interaction of glucose and free fatty acid utilization. PHYSIOL BEHAV 37(3) 441-445, 1986.—The 
present study was undertaken to investigate the effects of short-term fasting periods up to 24 hr on insulin secretory 
responses of the B-cell to glucose and the consequences for FFA and glucose availability in the circulation. Conscious male 
rats provided with permanently implanted heart catheters received glucose infusions at midday, lasting for 20 min, in the 
nearly ad lib condition (i.e., 6 hr of non feeding during daytime) and after extending the fasting period to 12, 18 and 24 hr. 
Basal preinfusion insulin levels and insulin responses to glucose decreased gradually during these fasting periods. Basal 
blood glucose dropped only significantly after 24 hr of fasting whereas basal FFA levels increased gradually from 6 hr of 
fasting onwards. After prolonged fasting insulin released during glucose infusion became more effective in suppressing 
plasma FFA levels. While our data suggest that the sensitivity to the antilipolytic action of insulin is increased, the 
decreased responsiveness of the B-cell after moderate fasting periods may result in a drop of basal insulin levels. This 
facilitates the switch from glucose to FFA metabolism for most tissues already, when the first meals are missed. The results 
suggest that this physiological process is important to save the glycogen stores as long as possible as fuel for the central 
nervous system, and also to support basic energy requiring processes adequately. 
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IN vitro and in vivo studies of insulin secretion have shown 
that the insulin secretory response to glucose is markedly 
reduced in the fasted state [4, 21, 22, 25]. The mechanism for 
this phenomenon has been studied in detail and there is evi- 
dence that decreased c-AMP formation from ATP is in- 
volved [4,25]. It is also known that fasting over 24 hr is 
accompanied by a decrease in blood glucose and an incre- 
ment in plasma free fatty acids (FFA) [13,18]. There is some 
evidence that in the fasted state the increased availability of 
FFA covers the metabolic needs of most tissues. In this 
state, however, the central nervous system can still utilize 
mainly glucose, which is produced by the liver by 
gluconeogenesis at a low rate [13]. During short-term fasting, 
glycogen in the liver may meet the metabolic needs for glu- 
cose via glycogenolysis. It is therefore important to known 
when during the day FFA levels begin to increase and what 
the responsiveness of the B-cells is over the course of fast- 
ing. Insulin has an antilipolytic action and is a potent 
stimulus for uptake of glucose and FFA in many tissues [6]. 
Changes in responsiveness of the B-cell may be reflected in 
changes of basal insulin levels which influence the availabil- 


ity of glucose and FFA in the blood. Most studies on the 
fasting phenomenon, however, deal with long-term fasting. 
In vivo studies on short-term fasting are scarce because it is 
sometimes difficult to cope with the feeding rhythm and the 
circadian control over various endogenous rhythms of phys- 
iological processes, such as glycogenesis [15], intestinal 
transport [2], liver activity [23], all influencing glucose and 
FFA plasma levels. 

The present study was therefore undertaken to investi- 
gate the effects of short-term fasting periods up to 24 hr on 
insulin secretory responses of the B-cell to glucose and the 
consequences for FFA and glucose availability in the circu- 
lation. 


METHOD 
Animals 


Male albino Wistar rats (380-420 g) were kept solitarily in 
Plexiglas cages at a room temperature of 20°C. Light was on 
from 6 a.m. to 6 p.m. Food and water were supplied ad lib 
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FIG. 1. Mean food intake (g) of 6 rats over 14 days. The black area at 
the top indicates nighttime. Fusting times are indicated by horizontal 
arrows. 


except during the food deprivation experiments. The diet, 
pelleted lab chow, contained 20% protein, 5% fat, 53.3% 
carbohydrate and 21.7% minerals, cellulose and water. En- 
ergy content amounted to 17.8 kJ/g. A rat could gnaw off 
pieces of food through vertical stainless steel bars situated in 
front of the food hopper. Spillage was collected in an under- 
tray attached to the food hopper. The weight of each food 
hopper was sampled continuously by a programmed micro- 
processor such that the amount of food eaten during every 
minute over the day-night cycle could be ascertained. Ac- 
cess to food could be restricted by a horizontally sliding door 
situated in front of the hopper. Door opening and closing was 
activated by a programmed clock. 


Surgery and Blood Sampling 


The rats were provided with two permanent heart cathe- 
ters to the right atrium. The sampling cannula was inserted 
into the right jugular vein and the infusion cannula into the 
left [17]. A small swivel joint was incorporated in the infu- 
sion tube [20]. These catheters allow blood sampling and 
intracardial infusion in the freely moving, undisturbed and 
unanesthetized rats. Cannulated rats were used for experi- 
mentation once they had become adapted to the sampling 
procedure, usually after about one week. Blood samples (0.5 
ml) were transferred immediately to chilled (0°C) centrifuge 
tubes containing 10 ul heparin solution (500 U/ml) as 
anticoagulant. To avoid clotting of blood during the sampling 
procedure 6% citrate solution was used instead of heparin 
which causes the activation of lipoprotein lipase. After each 
sample, 0.5 ml of citrated blood of a donor rat was transfused 
through the sample catheter. 


Experiments 


The experiments were performed on six unanesthetized 
and undisturbed rats. Intravenous glucose infusions were 
given to test the responsiveness of the B-cell since oral feed- 
ing would interact with different intestinal contents. The lat- 
ter may release hormonal and other gut factors which may 
influence the results. In order to prevent differences due to 
circadian effects, intracardial glucose infusions were all 
given at the same time at the middle of the light phase by 
infusion of 10% (w/v) glucose in distilled water over a period 
of 20 min at a rate of 10 mg/min. The infusion was given after 
6 hr of food deprivation during the daytime (i.e., in the nearly 
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FIG. 2. Effect of varying fasting periods on basal (t=0) blood glu- 
cose (@), plasma IRI (©) and FFA (A) levels (mean+SEM), n=6. 


ad lib condition) or after extended fasting periods of 12, 18 
and 24 hr (see Fig. 1). A saline infusion of 0.9% (w/v) NaCl 
after 6 hr served as a control. The glucose infusions were 
given at random on separate days with intervals of 2 days 
after the 6 and 12 hr fasting periods. An interval of at least 4 
days was used after 18 and 24 hr of fasting in order to prevent 
disturbance on the following experiments. Baseline values 
of FFA, glucose and insulin were established in blood sam- 


ples taken at —10 and 0 min (start of the glucose infusion) 
and the response of those by sampling at 1, 3, 5, 10, 15, 20, 25 
and 30 min. 


Chemical Determinations 


Blood glucose was measured by the ferricyanide method 
of Hoffman with a Technicon Autoanalyzer on 0.05 ml whole 
blood from each 0.5 ml sample. The remaining 0.45 ml blood 
was centrifuged at 4°C and 0.15 ml of the plasma was used 
for the free fatty (FFA) assay and the remaining plasma was 
stored at —30°C for the insulin assay. 

Plasma FFA was determined with the autoanalyzer ac- 
cording to the method of Antonis [1] based on the measure- 
ments of the chloroform soluble copper salts of the longchain 
fatty acids. The method was adapted to 0.15 ml plasma. 

Rat-specific plasma immunoreactive insulin (IRI) was de- 
termined by means of a radioimmunoassay kit (NOVO). 
Guinea pig serum M8309 served as antiserum for the insulin 
assay. Duplicate assays were performed on 25 yl plasma 
samples. The bound and free ‘I-labeled insulin was sepa- 
rated by means of a polyethylene glycol solution (23.75% 
w/w). The coefficient of variation of the immunoassay was 
<8%. 


Statistical Analysis and Calculations 


Correlations were calculated with Kendall’s rank corre- 
lation method. Differences were tested for statistical signifi- 
cance with paired f-test, p<0.05 (two tailed) being consid- 
ered significant. Results are stated as mean+SEM. Re- 
sponses were quantified by measuring integrated areas 
below (FFA) or above the baseline (glucose, insulin) with a 
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FIG. 3. Effect of fasting periods of 6, 12, 18 and 24 hr on plasma IRI, FFA and blood glucose responses to intravenous 


glucose infusion over 20 min (10 mg/min), n=6, mean+SEM. 


Hewlett Packard 9874A Digitizer, connected with a 9835A 
HP computer. 


RESULTS 
Feeding Behavior 


During ad lib conditions rats ate most of their food in the 
night (Fig. 1). During the first 6 hr of the light phase there 
was almost no feeding activity, whereas feeding increased 
gradually during the latter half of the light phase. Feeding 
activity was bimodally distributed over the dark phase with 
peaks near the beginning and near the end of the dark phase. 
Therefore, 6 hr of food deprivation (i.e., the first 6 hr of the 
light phase) can be considered as similar to the ad lib condi- 
tion, and 12, 18 and 24 hr of food deprivation thereby impos- 
ing small, medium and long fasting periods. 


Basal Values in the Plasma 


Basal glucose did not differ significantly after 6, 12 or 18 
hr of fasting averaging around 6 mmol/| (Fig. 2). After 24 hr 
of fasting basal glucose dropped significantly below the val- 
ues of the latter conditions, reaching a level of 5.2+0.1 
mmol/l (p<0.05). Basal immunoreactive insulin (IRI) de- 
creased gradually from 40+3 mU/I in the ad lib condition to 
27+3, 21+2 and 17+2 mU/] (mean+SEM) after fasting 
periods of 12, 18 and 24 hr, respectively. The difference 
became significant by 12 hr (p<0.01). There was a significant 
negative correlation between basal plasma IRI and fasting 
time (p<0.01, r=0.49). Basal plasma FFA increased gradu- 
ally during fasting from 0.21+0.02 to 0.27+0.02, 0.35+0.03 


and 0.40+0.02 mEq/l. The change was significant by 12 hr 
(p<0.05). There was a significant positive correlation be- 
tween plasma FFA and fasting time (p<0.01, 7=0.63). 


Responses to Intravenous Glucose 


Blood glucose concentration increased immediately upon 
start of the glucose infusion, the most rapid rise occurring 
during the initial 5 min with a progressively less rapid in- 
crease which lasted until the end of the infusion 20 min later 
(Fig. 3). Integrated blood glucose responses increased with 
increasing fasting times (Fig. 4). Compared with the ad lib 
condition significant difference was observed already after 
12 hr of fasting (9 <0.05). Coincident with the rapid rise of 
blood glucose plasma IRI markedly rose and was evident at 
the first minute (Fig. 3). The 1 min values reflected the initial 
phase of a typical biphasic pattern of responding. A major 
secondary rise of IRI appeared between 3 and 5 min and 
lasted until the infusion was terminated at 20 min. Plasma 
IRI rapidly declined to baseline values. Integrated plasma 
IRI responses over the 20 min decreased with increasing 
fasting times (p<0.02, r=0.37) (Fig. 4). Plasma insulin re- 
sponses were slightly decreased after 12 hr (p<0.1), com- 
pared with the ad lib condition. Significant differences were 
observed after 18 (9 <0.05) and 24 hr of fasting (p<0.01). The 
responsiveness of the B-cell for glucose increments can be 
ascertained by the calculation of the insulinogenic indexes, 
i.e., quotient of integrated insulin response and glucose re- 
sponse. We obtained the following indexes: 1.06, 0.85, 0.67 
and 0.33 for the 6 hr, 12 hr, 18 hr and 24 hr of fasting, 
respectively. 
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FIG. 4. Integrated responses of blood glucose (@), plasma IRI (©) 
and FFA (A) after fasting periods of 6, 12, 18, and 24 hr. Responses 
were quantified by measuring integrated areas below (FFA) and 


above the baseline (glucose, insulin) over the 20 min infusion period 
(Arbitrary Units (A.U.), mean+SEM), n=6. 


FFA levels began decreasing after the first phase of insu- 
lin release and the decrease was greater with increased fast- 
ing time (p<0.05, 7=0.29) (Fig. 3). The first significant 
difference was observed after 12 hr of fasting (p<0.05). The 
antilipolytic effect was assessed by calculating an 


antilipolytic index, i.e., quotient of integrated FFA re- 
sponses and insulin responses. We obtained the following 


indexes: 0.55, 1.15, 1.57 and 1.86 for the 6, 12, 18 and 24 hr of 
fasting, respectively. The saline control infusions did not 
show significant changes in each of the measured variables. 


DISCUSSION 


The present study shows that the responsiveness of insu- 
lin secreting B-cells for glucose is decreased with increasing 
fasting times. This holds for both the first phase of insulin 
release as well as for insulin secretion during the second 
phase. This decrease in responsiveness to glucose was 
especially prominent after 18 and 24 hr of fasting but was 
already manifest after 12 hr fasting. 

Since during fasting the B-cells are not stimulated by the 
effects of food intake, basal plasma IRI levels gradually de- 
creased. It is likely that this is caused not only by mech- 
anisms which remove insulin from the circulation, but also 
by a decreased responsiveness of the B-cells [4, 10, 25]. We 
focussed our attention on basal insulin levels which are sup- 
posed to be a function of secretory responsiveness [8]. The 
close relationship between responsiveness (the insulinogenic 
index) and basal insulin levels is also clear from this study. 
Since insulin has a strong antilipolytic action and is a potent 
stimulus for uptake of FFA by tissues, especially in adipose 
tissue [6], the drop in basal insulin level after a fast should 
allow elevation of the FFA concentration. After fasting the 
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basal rate of lipolysis is markedly increased [6,7]. This is 
reflected in the observed increased basal FFA levels during 
fasting. In contrast herewith is the increase of the antilipoly- 
tic index during prolonged fasting. In vitro studies may ex- 
plain this since after fasting adipose tissue is more sensitive 
for insulin binding [11,24]. While in vitro insulin-stimulated 
glucose uptake in fat cells is reduced after fasting [11,24] an 
increased uptake of FFA is possible. After a meal a parallel 
reduction was seen in plasma FFA and plasma glycerol [12] 
which may indicate that mainly lipolytic activity is affected 
by insulin and not the uptake of FFA in the tissues. 

After fasting basal release of glycerol and FFA from fat 
cells in femoral regions is more sensitive for the inhibiting 
influence of insulin [3]. The increased sensitivity for the 
antilipolytic action of insulin after fasting may play an impor- 
tant role in the causation of the phenomenon. This new find- 
ing holds a paradox at first sight because the increased 
antilipolytic effect of insulin is related to the higher rate of 
basal lipolysis and a lower rate of glucose oxidation. It is 
conceivable, however, that this effect should prevent the 
development of excessive lipolysis and subsequent ketoaci- 
dosis. An elevation of basal FFA levels resulting in more 
FFA utilization in tissues [7,9] permits a lower glucose con- 
sumption in which the reciprocal relationship between glu- 
cose and FFA metabolism, known as the glucose-fatty acid 
cycle may play an additional role [14,16]. These processes in 
which the decreased responsiveness of insulin secretion 
plays a key function may contribute to prolonging the avail- 
ability of glucose for the central nervous system by conserv- 
ing liver glycogen. The sharp drop of basal glucose between 
18 and 24 hr of fasting may indicate that the glycogen stores 
are depleted to a critical level. Evidence exists that during 
that time gluconeogenesis is activated to maintain glucose 
production on a low level [13]. During starvation glucagon 
plays an important role in the stimulation of gluconeogenesis 
[19]. The ability of muscle and other tissues to use fat as 
metabolic fuel during fasting also saves protein as a source 
for gluconeogenesis [5]. In summary, it is suggested that the 
decreased responsiveness of insulin secretion by the B-cell 
after moderate fasting periods results in a decrease of basal 
insulin. This in turn facilitates the conversion from glucose 
to FFA metabolism even when the first meals are missed, in 
order to save the glycogen stores as long as possible as fuel 
for the central nervous system and still support basic energy 
requiring processes adequately. Although the decrease in 
plasma insulin may allow increased lipolysis, excessive 
lipolysis is prevented by an increased antilipolytic action of 
insulin during fasting. 
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DIXSON, A. F. Genital sensory feedback and sexual behaviour in male and female marmosets (Callithrix jacchus). 
PHYSIOL BEHAV 37(3) 447-450, 1986.—Local anaesthesia (using lidocaine) of the penis, or of the vagina and cervix 
caused marked changes in the sexual behaviour of marmosets. Penile desensitization did not affect sexual arousal or 
erectile capacity. However, intromission latencies increased and 7 out of 10 males failed to intromit during some 
post-lidocaine tests. Females failed to show several behavioural patterns which normally occur during intromission 
(shrugging body movements, head turning and opening the mouth) or exhibited them at reduced frequencies after 
intra-vaginal application of lidocaine. The tendency of females to terminate mounts after ejaculation had occurred was also 
reduced with resultant increases in intromission duration in all cases. Desensitization of the females’ external genitalia had 
no effect upon sexual behaviour. Co-ordination of copulatory behaviour in this primate species depends, in part, upon 


afferent stimuli from the penis and from the vagina or cervix. 
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Local anaesthesia 
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ALTHOUGH genital stimulation plays an important role in 
copulatory behaviour, its significance has been studied in 
relatively few mammals [14,23]. Local anaesthesia of the 
glans penis or transection of the dorsal penile nerves causes 
a marked impairment of erection and intromission in the rat 
[1, 6, 24]. Desensitization of the glans penis does not prevent 
erection in the cat or rabbit, but cats fail to orient correctly 
when mounting or to intromit, whilst rabbits exhibit delays in 
intromission and ejaculation under these conditions [2,3]. By 
contrast, male rhesus monkeys intromit during the majority 
of mounts after transection of the dorsal penile nerves but 
pelvic thrusting is ataxic and ejaculation rarely occurs [15]. 
In the human male, local anaesthesia of the glans penis has 
been reported to retard ejaculation [17]. Agm6 [2] has 
suggested that ‘‘in more highly evolved mammals the proc- 
ess of intromission is less dependent upon sensory feedback 
whereas such a feedback continues to be essential for ejacu- 
lation.’’ Further studies of primates are required to test this 
hypothesis. 

Genital stimulation may also facilitate some aspects of 
female sexual response. Cutaneous stimulation of the genital 
area in female rats contributes to activation of the lordotic 
reflex [26] and afferent impulses from the uterine cervix also 
potentiate lordosis [22,27]. In the spinal female cat, genital 
stimulation elicits a pattern of sexual reflexes (treading, tail 
deviation and pelvic dorsiflexion) normally seen in response 
to the males’ mounting behaviour, whilst transection of the 
hypogastric nerves reduces the post-coital rubbing and roll- 
ing behaviour (‘‘after reaction’’ [4,8]). Although female 
anthropoid primates do not adopt stereotyped, lordotic 


postures, distinctive facial expressions, vocalizations and 
movements during copulation have been described in 
numerous species [10,17]. Uterine contractions, apparently 
homologous with those which occur during human orgasm, 
have been recorded in the stumptail macaque [11]. However, 
no experiments have examined the effects of genital desen- 
sitization upon sexual behaviour in female primates. 

The common marmoset (Callithrix jacchus) is a New 
World primate in which ejaculation occurs during a single, 
brief, intromission with pelvic thrusting. Marked changes in 
the female’s behaviour occur during intromission and the 
female often terminates the mount once ejaculation has oc- 
curred [19]. The present report concerns the effects of local 
anaesthesia of the genitalia upon patterns of copulatory be- 
haviour in male and female marmosets. 


METHOD 


Animals 


Eleven male and 12 female, sexually experienced, captive 
born, adult marmosets were observed during behavioural 
tests. The females had been ovariectomized prior to the ex- 
periments; copulatory frequencies during pair-tests remain 
at high levels under these conditions in the common mar- 
moset [20,21]. A further 8 animals were used for studies of 
genital morphology. Details of caging, diet, etc. are de- 
scribed elsewhere [18,19]. 


Lidocaine Treatment 


Marmosets were placed in a restraint device, to which 
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TABLE | 


EFFECTS OF PENILE ANAESTHESIA UPON SEXUAL BEHAVIOUR IN 
MALE MARMOSETS 





Control 
Behavioural tests 
Mean + s.e.m. 


Measurement 


Wilcoxon 
Lidocaine matched 
treatment pairs 
Mean + s.e.m. test 





Mount latency (sec) 
*Intromission latency (sec) 
Duration of Ist mt (sec) 
(excluding intromission) 
+Ejaculatory latency (sec) 
Ejaculations/test 
Mounts and mount 
attempts/test 
Intromissions/test 


5.7+ 2.9 N.S. 
185.7 + 72.8 p=0.02 
116.4 + 54.8 p<0.01 


6.5 & N.S. 
0.4 0.14 p=0.01 
3.7 1.2 N.S. 


0.5 0.12 p=0.01 





Data are from 10 males except *(N=7); t(N=5) where only males which intromitted or 
ejaculated under both experimental conditions provided data for statistical analysis. 
Times are given in seconds (sec). N.S.=not statistically significant. 


they had been habituated. In Experiment / the entire length 
of the penis within the prepuce was anaesthetized in 10 males 
by gentle application of lidocaine (xylocane® Astra, Sweden) 
for 1 minute, using lubricant jelly (Johnson and Johnson, 
U.K.) as a vehicle. After a 1 minute pause, a second | min 
application of lidocaine was given. In Experiment 2 lidocaine 
was placed at a depth of 20 mm intravaginally in 8 females, 
using a cervical mucous aspirator (Rocket Co., U.K.). The 
aspirator was held in position for 1 min and then withdrawn. 
In Experiment 3 lidocaine was applied for 1 min to the ex- 
ternal genitalia (pudendal pad and circumvaginal region, in- 
cluding the clitoris) of the same 8 females as in experiment 2. 
In all 3 experiments, lubricant jelly alone was used during 
control tests. Behavioural observations began 4 minutes 
after application of lidocaine or control treatments. 


Behaviour Tests 


In experiment 1, each of the 10 males was tested for 10 
minutes, twice-weekly, between 11.30-17.30 hr, with the 
same female partners. In two tests the male received 
lidocaine (L) and in two he received the control (C) treat- 
ment. The order of treatments was balanced (LCLC in 5 
males; CLCL in 5 males) so that each animal acted as its own 
control. In experiments 2 and 3, the same design was used to 
test effects of desensitization of the internal and external 
genitalia of female marmosets. All observations were made 
from behind a one-way vision mirror, as described previ- 
ously [18,19]. The following behavioural patterns were re- 
corded: 

Male. Occurrence of full penile erection prior to intro- 
duction of the female into his cage, latencies to mounting and 
intromission (from the commencement of the test), ejacula- 
tory latency (time from onset of intromission until ejaculation 
occurred), frequencies of attempted mounting, mounting, in- 
tromission and ejaculation and duration of the post- 
ejaculatory interval (P.E.I. time from ejaculation until the 
next mounting attempt occurred). 

Female. Occurrence of head-turning, opening the mouth, 
tongue-flicking and ‘‘struggling’’ body movements which 
frequently accompany intromission in this species [19] and 
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FIG. 1. Mean (+s.e.m.) percentage of control tests (open bars) or 
lidocaine-treated tests (solid bars) in which females showed struggling 
movements (STR), head-turning (T), opening the mouth (O) or ter- 
mination of the mount after ejaculation (TM). Intromission durations 
(ID) are shown in seconds. Application of lidocaine intravaginally in 
8 females (upper histograms) had profound effects on all these be- 
havioural patterns whereas treatment of the external genitalia in the 
same animals (lower histograms) had no effect. Sign test: *p=0.03, 
***p =0.004; Wilcoxon test: **p=0.01. 
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whether the female terminated intromission by pulling away 
from the male. The occurrence of genital marking after copu- 
lation was also noted. 


Statistics 


Statistics were performed on overall mean values per test 
in the lidocaine-treated and control conditions, calculated for 
each animal, using a Wilcoxon, matched pairs, signed ranks 
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test. For those behavioural patterns in which measurements 
of presence or absence were made (e.g., occurrence of erec- 
tion, etc.) a sign test was used to assess statistical signifi- 
cance. 


Genital Morphology 


Three females were dissected at post-mortem; the ventral 
portion of the pelvic girdle was removed and the vagina 
opened by a longitudinal incision. The depth of the vagina 
from its opening to the os cervix was measured using calipers 
fitted with a Vernier scale. The length of the fully erect penis 
was also measured in 5 males. The animals were anaesthe- 
tized by intramuscular injection of 5 mg of ketamine hydro- 
chloride (Vetalar, Parke Davis, U.K.) and 0.3-0.5 ml of al- 
phaxolone 0.9% w/v and alphadolone acetate 0.3% w/v (Saf- 
fan, Glaxovet Ltd., U.K.). Erections were produced using a 
rectal probe and low voltage sine-wave stimulation. The 
morphology of the glans penis and orientation of the epider- 
mal ‘‘spines’’ was examined using a binocular microscope. 


RESULTS 
Desensitization of the Penis and Sexual Behaviour 


Results are shown in Table 1. Desensitization of the penis 
did not affect the occurrence of penile erection by males 
before or during behaviour tests. All males exhibited full and 
apparently normal erections during control tests and after 
treatment with lidocaine. Mount latencies were short and did 
not change significantly after lidocaine treatment. All 10 
males performed a normal sequence of rapid, shallow, pre- 
intromitted pelvic thrusts. However intromission frequency 
decreased in 7 males and 3 failed to intromit when treated 
with lidocaine. Five males were seen to thrust against the 
female’s back during part of the mount but most mounts were 
correctly orientated with the penis close to the vaginal open- 
ing. The major effect of lidocaine appeared to involve a defi- 
ciency of the deep pelvic thrust required to achieve intro- 
mission. Therefore intromission latencies were considerably 
increased. Seven males intromitted after lidocaine treatment 
and 5 of these ejaculated with no significant alteration in 
ejaculatory latency (Table 1). Frequencies of attempted 
mounts and mounts increased in lidocaine-treated males but 
this was not statistically significant and the responses varied 
considerably in different pairs. In the most extreme case, 
one male mounted 13.5 times/test after lidocaine as com- 
pared to 2.0 in control tests. Another male mounted only 
once during each of the post-lidocaine tests but remained 
mounted without attaining intromission for the whole 10 
minute observation period. Indeed all males showed a 
marked increase in duration of the first mount in tests con- 
ducted after lidocaine treatment. Post-cjaculatory intervals 
frequently extended beyond the duration of testing and it was 
not possible to distinguish any effects of lidocaine. 


Desensitization of the Female’s Genitalia and Sexual 
Behaviour 


Results are shown in Fig. 1. Intra vaginal application of 
lidocaine caused a marked decrease, or abolition, of the head 
turning, mouth opening and struggling body movements 
which often accompany intromission. Females also failed to 
terminate mounts and intromission durations increased in all 
8 pairs. None of these effects occurred when lidocaine was 
applied to the external genitalia of the same female subjects. 
The occurrence of genital marking after copulation de- 
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creased after external and intravaginal lidocaine treat- 
ments (sign test: p=0.016 in each case). Neither treatment 
affected the occurrence of tongue flicking by females during 
copulation. Rapid contractions of the perivaginal area were 
sometimes observed during or immediately after mating but 
it was difficult to quantify this response. It was possible to 
make observations during 11 tests involving 7 females 
treated intravaginally with lidocaine. Post-coital genital con- 
trations were present in only 3 tests (27%) as compared to 7 
of 9 control tests (78%) on the same animals. External appli- 
cation of lidocaine had no apparent effects upon this re- 
sponse. 


Genital Morphology 


The vagina measured 20-25 mm in length in the 3 females 
examined and in 5 males the erect penis measured 20-23.5 
mm (median 22.4 mm). The glans penis is small and epider- 
mal *‘spines’’ occur mainly on its lateral and dorsal surfaces 
as well as on the distal shaft. The spines are more robust but 
more sparsely distributed than in the rat, and during erection 
many of them project at 90° to the surface of the skin, rather 
than at an acute angle, pointing backwards, in the non-erect 
penis. 


DISCUSSION 


Desensitization of the penis does not reduce sexual 
arousal in male marmosets, as reflected by the short mount 
latencies and normal maintenance of erection after lidocaine 
treatment. Although males are correctly orientated during 
most mounts, they are less able to thrust deeply in order to 
attain intromission. If intromission occurs, the majority of 
males ejaculate with no significant change in ejaculatory 
latencies compared to control tests. Thus the effects of 
penile desensitization in marmosets are less severe than 
those described for the rat or cat [1, 3, 24], but resemble 
Agm6’s findings on the male rabbit [2]. The penis of the 
marmoset bears robust epidermal ‘‘spines,’’ mainly on the 
dorsal and lateral glans and shaft. These surfaces contact the 
females’ external genitalia during the pre-intromission phase 
of the mount. The spines may enhance the cutaneous stimu- 
lation necessary for intromission, but not experimental proof 
of this has been obtained for any mammalian species [5, 7, 
13]. Since lidocaine treatment has less effect upon ejacula- 
tion in marmosets, it is possible that deep pressure receptors 
in the penis are important in this context, whereas feedback 
from cutaneous receptors facilitates intromission. Transec- 
tion of the dorsal penile nerves in the male rhesus monkey 
has quite different effects upon sexual behaviour, for such 
males continue to intromit but rarely ejaculate [15]. An inter- 
specific difference might be involved, or perhaps the dorsal 
nerves convey a different pattern of sensory input from that 
which derives solely from the cutaneous receptors blocked 
by lidocaine. In any case, the observations on male mar- 
mosets do not support the view that sensory feedback from 
the penis is less essential for intromission in ‘‘highly evolved 
mammals’’ [2]. 

In a variety of monkey and ape species females vocalize, 
turn to look at the male, or ‘‘reach back’’ to grasp him during 
copulation. Such responses also occur during socio-sexual 
mounts between females [9, 11, 12] and _ therefore 
intravaginal stimulation is not essential for their expression. 
However, the present study shows that vaginal or cervical 
stimulation during copulation in marmosets causes the 
female to struggle, turn her head, open her mouth and termi- 
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nate the mount once ejaculation has occurred. Stimulation of 
the external genitalia, including the clitoris, has no apparent 
effect upon these responses. Desensitization of the vagina 
and cervix produces a marked increase in the duration of 
intromission in the marmoset, mainly because females fail to 
terminate mounts. It was not possible to determine whether 
this treatment had also affected ejaculatory latencies, or 
whether rapid contractions of the females’ genitalia, which 
also decrease under lidocaine treatment, might play some 
role in stimulating ejaculation. 

The brief duration of copulation in the marmoset and 
some other callitrichid primates, in which females terminate 
mounts and run some distance from the male after mating, 
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may be adaptive in an ecological context. The marmoset 
weighs only 300-400 grammes and mating occurs during 7-12 
days after the birth of twin offspring which are transported 
by both parents [16]. The brevity of copulation may ensure 
that parents and offspring are exposed to potential predators 
for as little time as possible. 
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HALAS, E. S.,C. D. HUNT AND M. J. EBERHARDT. Learning and memory disabilities in young adult rats from mildly 
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deficiency causes anorexia, a second group of rat dams (PF) was fed the same quantity of the diet during gestation and 
lactation as was consumed by their ZD mates. A third group of rats (AL) was fed the diet ad lib during gestation and 
lactation. The PF and AL dams were given zinc supplemented (25.0 zg Zn/ml) drinking water whereas the ZD dams were 
given double distilled, deionized drinking water. After weaning, the offspring of all dams were fed Purina Laboratory Chow 
ad lib until they were 100 days old. The offspring were then reduced to 85% of their ad lib weight and tested on a 17-arm 
radial maze for memory and learning. In Experiments | and 2, the ZD males suffered a significant learning deficit when 
compared to the AL males. Whereas the PF males suffered a significant learning impairment in Experiment 1, the learning 
deficit of the PF group was not as severe as the deficit of the ZD group. There was no impairment in reference (long-term) 
memory for any of the groups. In Experiment 3, significant differences in working (short-term) memory were found among 
the three groups of females. The ZD group was significantly inferior in working memory when compared to the PF and AL 


groups. No significant differences in working memory were found between the PF and AL groups. 


Zinc deficiency 
Reference memory 


Trace elements Malnutrition 


Undernutrition 





ZINC deficiency occurs widely within the human population 
and can be exacerbated by plant-derived chelators and 
mineral-zinc interactions [20, 21, 23, 34]. Therefore, the clin- 
ical manifestations of zinc deficiency are a function of sev- 
eral interrelated factors. Severe zinc deficiency in the human 
causes, among other things, severe growth retardation, 
hypogonadism, loss of hair, poor wound healing, anorexia 
{20, 21, 30-32], and mental lethargy [33]. In the rat, severe 
zinc deficiency during gestation causes gross birth defects, 
high pup mortality, and prolonged, difficult delivery [1, 2, 
22]. Experimental rats whose dams were fed a diet severely 
deficient in zinc during gestation and/or lactation have been 
found to suffer a variety of behavioral deficits, including 
increased aggression [14,16], increased food motivation [12], 
an increase in number and size of gastric ulcers [11], de- 
creased stress tolerance [17,18], reduced activity [5,35], and 
impaired avoidance conditioning [17,18]. In addition, other 
findings suggest that severe zinc deficiency during lactation 
results in offspring who suffer a spatial learning deficit and a 
working (short-term) memory impairment [13]. 

It is known that the hippocampus, when compared to all 
other brain structures, has the highest concentration of zinc 





Learning Working memory 


[6-8]. Several studies have reported that experimental le- 
sions in the hippocampal formation result in learning and 
memory impairment (3, 25-29, 36]. Other data indicate that 
zinc deficiency is capable of injuring the brain, including the 
hippocampus [4, 9, 10}. 

When viewed together, these findings suggest that there 
may be a relationship between zinc deficiency, hippocampal 
injury, and learning and/or memory deficits. Mild zinc defi- 
ciency is more prevalent in the human population than is 
severe zinc deficiency but its adverse potentials are less well 
known. Thus, the present study utilizes an animal model to 
ascertain the effects of mild zinc deficiency induced during 
gestation and lactation on behavior and hippocampal mor- 
phology. The morphological data of these rats will be 
presented in another paper. 


EXPERIMENT | 


The rate of original learning was evaluated by using a 
procedure that tests reference (long-term) and working 
(short-term) memory. 


‘Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the U. S. Department of 
Agriculture, and does not imply its approval to the exclusion of other products that may also be suitable. Requests for reprints should be 
g y q 


addressed to E. S. Halas. 
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FIG. 1. The first 24 trials of Experiment 1 were organized in blocks of 3 trials. Eight out of 17 arms were baited. As training progressed, 
all three groups consistently improved their performance, however, the AL group had fewer errors than the PF and ZD groups during 
Blocks III-VII. In Block VIII, all three groups performed close to the 100% correct level and, therefore, the remaining 16 trials are not 


shown. 


Dietary Conditions 


The dietary conditions have been explained in detail 
elsewhere [19] and therefore will be described briefly. One 
group (ZD) of Long-Evans rat dams (n= 14) was fed a mildly 
zinc deficient diet (10.00 xg Zn/g) ad lib and given deionized 
water from the first day of pregnancy until their pups were 
weaned. The diet (Teklad No. 170995) was modified to our 
specifications. (The following changes were made in the Tek- 
lad No. 170995 diet (Teklad, Madison, WI). The chlortet- 
racyline HCI was omitted; inositol was added at the rate 1.0 
g/kg diet; zinc carbonate, A.R. grade, was added at the rate 
of 0.0179 g/kg diet; and the dextrose monohydrate was re- 
duced from 636.49839 g/kg to 635.87048.) Since zinc defi- 
ciency causes anorexia, a second group (PF) of dams (n= 11) 


was individually matched by weight with the ZD dams and 
given the same quantity of the diet as consumed by their ZD 
mates. The PF dams were bred 24 hours after the ZD dams. 
A third group (AL) of dams (n=14) was fed the diet ad lib. 
The PF and AL dams were given water containing 25 ug 
Zn/ml. Subsequent dietary restrictions are explained later. 
All litters were reduced to 9 pups 24 hours after delivery and 
only those litters that had 8 or 9 pups surviving to weaning 
were used. The dams and their litters were housed in plastic 
cages and kept in a relatively dust free environment which 
was temperature and humidity controlled. A 12 hour light/ 
dark cycle was maintained. All litters were weaned at 23 
days, fed Purina Chow ad lib and given tap water until they 
were 100 days old. Food consumption and weight gains of 
the dams and pups were recorded daily until the pups were 
40 days old. 
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FIG. 2. The working memory data for Experiment | were organized in blocks of 10 trials. The most dramatic reduction in errors occurred 
between Blocks I and II but none of the differences among the three dietary groups were significant. 


Animals 


At 100 days of age, eight male rats were selected ran- 
domly from each of the 3 dietary groups for a total of 24 rats. 
Only | male offspring was selected from a litter. The mean 
weight for the three groups of males was: AL=372 g, 
PF=371 g, and ZD=379 g. The means were not significantly 
different, F(2,21)=0.16, p=0.85. 


Apparatus 


The 17-arm radial maze of Olton et al. [26] was used. 
Details of the apparatus, testing environment and training 
procedures have been reported elsewhere [13]. 


Preliminary Training 


All rats were handled from 30 to 45 min per day for 5 
days. After the handling sessions, the rats were gradually 
reduced to 85% of their normal ad lib weight by limiting their 
food intake. During the weight reduction period, each rat 
was trained individually to obtain food pellets on the end of 
an elevated runway. Each rat was given 5 trials per day or 10 
min on the runway for 4 days. 

Groups of 4 or 5 rats were then given simultaneous pre- 
liminary training on the radial maze with all food wells being 
baited. Each group was given 30 min per day on the maze for 
4-5 days. 


Testing Period 


After the preliminary training was completed, the rats 
began testing on the radial maze. Each rat was placed indi- 
vidually in the center of the hub of the radial maze. To pre- 


vent any bias, the daily orientation of the rat on the maze 
was changed randomly; however, all rats were given the 
same daily orientation. Arms 1, 2, 6, 9, 10, 11, 14, and 16 
were baited with one 190 mg pellet. The remaining arms were 
never baited. The task of the rat was to find and consume the 
pellet at the end of the baited arms. Entering an unbaited arm 
was counted as a reference memory error [27]. Revisiting an 
arm in which the pellet had already been retrieved was 
counted as a working memory error [27]. The trial was ter- 
minated when the rat found all 8 pellets or 15 minutes had 
elapsed, whichever occurred first. If the rat did not retrieve 
all pellets within the allotted time, that trial was not included 
in the data analysis. The rat was then returned to its home 
cage and one hour later was given sufficient food to maintain 
its 85% weight. The original 85% weight was increased by 3 g 
per week during the experiment. All rats were given | trial 
per day for 40 days excluding weekends. After each rat 
finished its daily trial, the maze was wiped with a cloth dam- 
pened with a mild detergent. 

The mean number of correct choices for each trial was 
grouped into blocks of trials of arbitrary length and trans- 
formed using formulas developed by Olton and his col- 
leagues [26]. To determine if there were significant differ- 
ences in performance among the groups, the transformed 
data were analyzed using a two-way analysis of variance 
with a repeated measure [24]. If the F ratio was significant, 
Tukey’s test was used to determine if there were significant 
differences between groups [24]. 


RESULTS AND DISCUSSION 


The food consumption and weight gains of the dams and 
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FIG. 3. In experiment 2, the reference memory data for the first 24 trials were grouped in blocks of 3 trials. As expected, the three groups 


performed below chance (0%) on Block I. In Blocks II, III, and VII, the AL rats made significantly fewer errors than the ZD rats. The PF 
rats were not significantly different from the AL and ZD rats. The performance asymptote was reached by Block VIII and, therefore, the 
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remaining 16 trials are not shown. 


pups were similar to those already reported [19], and, there- 
fore, will not be given in detail. In this experiment, there 
were significant differences in weight gain among the three 
groups of pups during the lactation period, F(2,800)=72.77, 
p<0.0001, and during the post weaning (days 2440) period, 
F(2,558)=41.69, p<0.0001. The AL offspring weight gain 
was significantly greater than the PF and ZD offspring during 
both the lactation and post weaning periods. No significant 
differences in weight gain were observed between the PF and 
ZD offspring during either time period. 

The rate of original learning, as tested by the reference 
memory procedure, (Fig. 1) apparently was not affected sig- 
nificantly in the first four blocks (one block=3 trials) of 
trials. It should be noted, however, that the AL group tended 
to have consistently more correct choices than either the PF 
and ZD groups during Blocks III and IV. Original learning 
was affected significantly during Blocks V, F(2,69)=7.83, 


p<0.0009, Block VI, F(2,69)=5.84, p<0.005, and Block VII, 
F(2,69)=3.26, p<0.040. In Blocks V, VI, and VII, Tukey’s 
test revealed significant differences between the AL and ZD 
groups (p<0.05). Significantly fewer errors in a block of 
trials reflects a faster rate of learning for the AL rats as 
compared to the ZD rats. Significant differences between the 
AL and PF groups were found in Block VI (p<0.05). No 
significant differences in performance were found between 
the ZD and PF groups in any block. All three groups per- 
formed close to 100% correct responses in Block VIII and 
thus significant differences were not found (p>0.05). Initial 
response latencies were analyzed for differences among the 
three dietary groups for each block of trials and none were 
significant. 

The data for working memory were analyzed but none of 
the results were significant (Fig. 2). Even though the results 
were not significant, progressive trends in performance for 
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FIG. 4. The 20 trials of Experiment 3 were organized in blocks of 5 trials. All 17 arms were baited. The ZD group made significantly more 
errors than the PF and AL groups throughout all four blocks. In Blocks III and IV, very few errors were observed during the first 10 
choices which illustrates the outer limits of the working memory capacity of the rats. After the 11th choice, the ZD rats made significantly 
more errors than the PF and AL rats. In Experiment 1, Fig. 2, when only 8 out of 17 arms were baited, no significant differences in errors 


were found among the three groups. 


the three groups are observed across the 40 trials. It is dif- 
ficult to find differences in working memory among the three 
groups when only 8 of 17 arms are baited. 


EXPERIMENT 2 


The original learning procedure showed that the ZD and 
PF rats suffered a learning deficit. The reverse learning pro- 
cedure, usually considered to be a more difficult task, was 
used in this experiment to validate the results obtained in 
Experiment 1. Reverse learning consisted of not baiting the 


arms that were baited in Experiment | and baiting all but one 
of the remaining arms in Experiment 2. 


METHOD 
Animals and Procedures 


The same animals and apparatus used in Experiment | 
were used in Experiment 2. Thus, in Experiment 2, arms 3, 
4, 5,8, 12, 13, 15, and 17 were baited with a 190 mg pellet on 
every trial while the remaining arms were never baited. As 
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before, the rats were given | trial per day for 40 days. All 
other procedures were the same as in Experiment 1. 


RESULTS AND DISCUSSION 


Data pertaining to reverse learning, as tested by the refer- 
ence memory procedure, are shown in Fig. 3. The data were 
analyzed in blocks of three trials. As expected, the three 
groups performed well below chance on the first block of 
trials and no significant differences in performance were ob- 
served among the three groups for Block I (p>0.05). How- 
ever, significant differences in performance were found for 
Block II, F(2,69)=4.72, p<0.010, Block III], F(2,69)=5.22, 
p<0.008, and Block VII, F(2,69)=3.69, p<0.030. For all 
three blocks of trials, the AL rats were significantly superior 
in performance when compared to the performance of the 
ZD rats. There were no other significant differences in per- 
formance even though the PF rats had fewer correct re- 
sponses than the AL rats. In general, the ZD and PF tended 
to perform less well than the AL rats in Blocks IV, V, and VI 
but none of the ANOVAs was significant. No significant 
differences (p>0.05) were found among the three groups for 
Block VIII. The initial response latencies for each dietary 
group were not significantly different. 

Data pertaining to reverse learning, as tested by the work- 
ing memory procedure, were analyzed in blocks of 10 trials 
and are essentially the same as the working memory data 
in Experiment 1 (Fig. 2). They are therefore not shown. 
However, the ANOVA in Block II was. significant, 
F(2,237)=4.31, p<0.015, and the AL group was significantly 
superior in performance when compared to the ZD group. 
No other group comparisons were significant in this or in any 
other block of trials. 


EXPERIMENT 3 


Prior research [13] has shown that baiting 8 of 17 arms is a 
sensitive measure of reference (long-term) memory and 
learning rate but it is not a very sensitive measure of working 
(short-term) memory. Baiting all 17 arms makes greater de- 
mands on the working memory capability of the rat [13], and 
is therefore a better measure of working memory. In Exper- 
iment 3, all 17 arms were baited. 


METHOD 
Animals 


The 24 female rats used in this experiment were the lit- 
termates of the 24 males used in Experiments | and 2. Eight 
rats were selected from each of the three dietary groups. The 
female rats were 100 days old at the start of the experiment. 
The mean weight for the three groups of females was: 
AL=239 g, PF=218 g, and ZD=221 g. The differences in 
mean weight among the three groups were not significant, 
F(2,21)=2.68, p=0.09. 


Apparatus and Training Procedures 


The same apparatus and preliminary training procedures 
described in Experiment | were used. The only difference in 
the training procedure was that all 17 arms were baited. Each 
rat received | trial per day for 20 days and was given a 
maximum of 15 minutes to retrieve the 17 pellets. 


RESULTS AND DISCUSSION 


The data were analyzed in blocks of five trials (Fig. 4). In 
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previous experiments [13], the data were analyzed only from 
choice 10 through 17 because the rats usually made relatively 
few errors during the first 9 choices. It was not until about 
the 10th choice that the number of errors increased and 
differences between groups began to emerge. Therefore, the 
same analytical procedure was used in this experiment. The 
ANOVA for choice 10 through 17 was significant for Block I, 
F(2,105)=5.41, p<0.006, Block II, F(2,105)=5.74, p<0.004, 
Block III, F(2,105)=16.02, p<0.0001, and Block IV, 
F(2,105)= 11.13, p><0.0001. In all of these blocks, the AL and 
PF groups were significantly superior in performance when 
compared to the ZD group (p<0.05). No significant differ- 
ences in performance were found between the AL and PF 
rats in any of these blocks of trials. Among the three groups 
of rats, none of the initial response latencies were significant. 
Choice sequences were analyzed to determine if there were 
any consistent or rigid response tendencies, response chains, 
or strategy algorithms. None were found. These results 
demonstrate that the ZD rats suffered a permanent working 
memory impairment. 


GENERAL DISCUSSION 


Figures | and 3 clearly illustrate that the ZD rats suffered 
a learning impairment. The PF rats also suffered a learning 
deficit, but the impairment suffered by the PF rats did not 
appear to be as severe as the impairment suffered by the ZD 
rats. The ZD rats required more trials than the PF rats to 
reach the same level of performance as the AL rats. These 
results suggest that the ZD and PF rats learn at a slower rate 
but they eventually will perform as well as the AL rats if 
given a sufficient number of trials. Thus, although the learn- 
ing rate was impaired, reference memory for the ZD and PF 
rats was not impaired permanently. This modest behavioral 
deficit is of particular interest because the dietary zinc defi- 
ciency was modest. 

One of the unexpected findings in this study was the ap- 
pearance of a perseveration type error in the ZD and PF rats. 
On the first choice in block II (Fig. 3) both the PF and ZD 
rats had a very noticeable decrease in correct response. In 
Block III, the ZD rats continued to exhibit this decrease in 
correct responses while the PF rats recovered and performed 
at a level comparable to the AL rats. A closer inspection of 
the data revealed that when the ZD and PF rats were placed in 
the center of the maze, they immediately ran straight ahead 
into whatever arm they happened to be facing. This phenom- 
enon occurred despite the fact that the orientation of the rats 
when placed on the maze was changed everyday and all rats 
were orientated in the same direction on a given day. This 
tendency to run straight ahead on the first choice regardless 
of the consequences suggests a perseveration type of error. 
The ZD rats persisted longer than the PF rats in making the 
perseveration error, which suggests a greater injury for the 
ZD rats. The fact that the ZD rats also required more trials 
than the PF rats to reach the same level of performance as 
the AL rats again suggests that the ZD rats suffered a greater 
learning impairment than the PF rats. Almost identical re- 
sults were observed during reverse learning in another exper- 
iment [13]. The AL rats did not exhibit this type of behavior 
in the present experiment or in the previous experiment [13]. 

Inspection of Figs. 1 and 3 reveals that the three groups 
reached their performance asymptotes in fewer trials than 
their counterparts in the earlier study [13]. We have no logi- 
cal explanation for these results except that the earlier study 
was done in the basement of an old building that was quite 
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noisy. The present study was done in a new building where the 
animal rooms are isolated and quiet. The superior environment 
in the new facility may explain why all groups in the present 
study were superior in performance to their counterparts in 
the old building. Nevertheless, the same performance differ- 
ences, including the perseveration errors, were found among 
the AL, PF, and ZD groups in the present study. 

In past studies, we have found behavioral differences be- 
tween adult male and female rats who had suffered early zinc 
deficiency. These behavioral differences were primarily in 
the areas of emotion and motivation such as stress [17,18], 
aggression [14,16], and motivation [12]. Differences in hor- 
mone levels between the sexes may explain these results. 
Although additional research is needed, earlier studies 
[13,15] and the present study suggest that there may not be 
any sex differences for zinc deficient rats in the area of learn- 
ing/memory. Both male and female ZD rats suffered learning 
deficits when compared to male and female AL rats [13]. In 
another study [15], AL, PF, and ZD pups were trained dur- 
ing the lactation period and tested for long-term memory six 
weeks later. After nutritional rehabilitation, both the male 
and female ZD offspring demonstrated a long-term memory 
deficit when compared to male and female AL rats. The 
long-term memory deficit was the result of failure to associ- 
ate the tone and shock in the initial learning situation during 
lactation. 

Short-term memory, learning, and long-term memory are 
all closely interrelated processes. In the process of learning, 
short-term memory is a necessary first step. If the short-term 
memory mechanism is damaged, then the learning process 
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can be retarded which would result in a delay in processing 
information into long-term memory. In an earlier study [15], 
the ZD rats never fully learned the tone-shock association 
and thus the information was not adequately processed into 
long-term memory. In the present study (Experiments | and 
2), working (short-term) memory was probably impaired as 
indicated by the slower rate of learning for the ZD rats, but 
the rats were given a sufficient number of trials which 
allowed the ZD rats to eventually catch up to the AL rats. 
Thus there were no reference (long-term) memory deficits. 
The working memory deficit was not directly observable in 
Experiments 1 and 2 because only 8 out of 17 arms were 
baited. When all 17 arms were baited, Experiment 3, the 
increased difficulty of the task revealed the working memory 
impairment. 

Our data suggest that zince deficiency (plus undernutri- 
tion) may have had a greater injurious impact on the brain 
than undernutrition (PF) by itself. During the first 40 days of 
life, the weight gain of the PF offspring was the same as the 
ZD offspring, and both groups were significantly smaller 
than the AL offspring. However, the learning and working 
memory deficits of the ZD rats were much greater than the 
PF rats. In fact, the PF rats did not suffer any working mem- 
ory impairment and sustained only a modest learning deficit. 

Since mental lethargy [33] has been observed in humans 
suffering from zinc deficiency, these animal results may 
provide some direction as to what type of psychological 
evaluation should be given to these people. These evalua- 
tions should indicate whether the preceding findings have 
any significance in human nutrition. 
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BROWN, D. F. Inhibition of gold thioglucose lesion formation in the ventromedial hypothalamus by a glucocorticoid. 
PHYSIOL BEHAV 37(3) 459-463, 1986.—A single intraperitoneal injection of gold thioglucose (GTG) yields a lesion in the 
ventromedial hypothalamus (VMH), eventually producing obesity. The anti-inflammatory compounds, aspirin or 
glucocorticoid (GC), have been shown previously to block GTG lesion formation in the VMH when examined at the light 
microscopic level. Ultramicroscopic changes in the VMH have been observed to account for the inhibition of GTG-induced 
lesions with aspirin. We sought to determine whether or not GC action in the prevention of GTG lesion formation was also 
accompanied by VMH morphological changes at the ultrastructural level. Our results demonstrated that hydrocortisone 
pretreatment completely protected the VMH from any GTG-induced necrosis. We hypothesize that this inhibition of GTG 
lesion formation is not mediated by GC anti-inflammatory activity, but related to an anti-insulin activity of GC, GC-induced 


changes in VMH cell membrane receptor function, and/or alterations in serotonin metabolism. 
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THE administration of a single parenteral injection of gold 
thioglucose (GTG) to mice produced a bilateral ventromedial 
hypothalamic (VMH) lesion [11]. This lesion eventually led 
to a syndrome of sustained obesity in mice which was due to 
hyperphagia [11]. Moreover, GTG-induced lesion formation 
in the VMH was dependent on the hormonal status of the 
animal. Glucocorticoid (GC) treatment abolished GTG lesion 
development [7, 9, 11]. Mice made diabetic with alloxan 
treatment were insensitive to a GTG challenge [10]. How- 
ever, when diabetic mice received insulin intravenously or 
intrahypothalamically, vulnerability of the VMH to GTG re- 
turned [5], indicating that insulin has a direct VMH in- 
volvement with respect to GTG lesion formation. Bilateral 
adrenalectomy of alloxan-diabetic mice ameliorated the 
diabetes and restored VMH sensitivity to GTG [7]. Adminis- 
tration of cortisone to the diabetic-adrenalectomized mice re- 
stored VMH resistance to GTG [7]. Furthermore, the 
amount of cortisone required did not alter the response of 
normal (non-diabetic) mice to GTG [7]. Hydrocortisone ad- 
ministration in large amounts produced similar results in 
normal mice [9]. Thus, Debons ef al. [9,11] suggested that 
GCs were acting as anti-insulin agents as opposed to anti- 
inflammatory agents in conjunction with GTG lesion forma- 
tion. 





Caffyn [4] demonstrated that various anti-inflammatory 
agents, including aspirin and hydrocortisone, prevented 
GTG lesion formation, presumably by blocking edema de- 
velopment. Debons et al. [9,11] confirmed these data. They 
demonstrated that treatment of mice with aspirin or GC and 
a large dose of GTG (800 mg/kg) protected the VMH from 
GTG-induced damage. Ultrastructural examination of the 
mouse VMH given aspirin plus GTG revealed the presence 
of a VMH microlesion, damage visible only by electron mi- 
croscopy [9,11]. Although GC’s are also anti-inflammatory 
compounds, their interaction with GTG lesion development 
appeared not to function in this capacity. Debons et al. [7] 
surmised that GCs were acting as anti-insulin agents with 
respect to GTG-induced VMH necrosis. Since both aspirin 
and GC can prevent lesion formation, but apparently by dif- 
ferent mechanisms, the morphological manifestation of as- 
pirin or GC plus GTG may also be different. In this study, we 
investigated the effect hydrocortisone pretreatment had on 
VMH morphology at the ultrastructural level following a 
GTG challenge. 


METHOD 


Twenty female Swiss-Webster mice, weighing 20 to 25 


'The opinions or assertions contained herein are the private views of the author and are not to be construed as official or as reflecting the 
views of the Department of the Army or the Department of Defense. In conducting the research described in this report, the investigator 
adhered to the ‘‘Guide for the Care and Use of Laboratory Animals,’’ as promulgated by the Committee on Revision of the Guide for 
Laboratory Animal Facilities and Care, Institute of Laboratory Animal Resources, National Research Council. 
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FIG. 1. Electron photomicrograph of the VMH from a normal untreated mouse. The neuropil is densely packed with large and small 
fibers, cell bodies, and synapses. Magnification is 8,000x. 


grams, were used in this study. They were maintained at 
23°C with a 12-hour light: 12-hour dark photoperiod and given 
Purina Rodent Laboratory Chow (carbohydrate—49.0%, 
protein—23.4%, fat—4.5%, fiber—5.8%, total ash—7.3%, 
and moisture— 10.0%) and tap water ad lib. Seven mice were 
used to determine lesion frequency in this strain. These 
animals were injected with 300 mg/kg GTG intraperitoneally 
(IP), sacrificed 24 hours later, and the VMH examined for 
GTG-induced necrosis. The remaining 13 mice were as- 
signed randomly to the following groups: I—controls, no in- 
jections (n=3); II—GTG (300 mg/kg IP, Sigma) only (n=5); 
and [1]—hydrocortisone (Solu-Cortef, Upjohn) pretreatment 
(250 mg/kg IP) followed by 300 mg/kg GTG IP 30 minutes 
after the GC (n=5). Twelve hours after injection of group II 
and 24 hours after injection of group III, the mice were 
anesthetized with pentobarbitol (50 mg/kg IP) and the brains 
processed for ultrastructural examination as described in de- 
tail elsewhere [2]. Briefly, the mouse brains were perfused 
with glutaraldehyde. The hypothalamus was removed and 
post fixed with osmium tetroxide. After en bloc staining with 
uranyl acetate and embedding in Spurr’s resin, the samples 
were mapped to locate the VMH, sectioned with an ul- 
tramicrotome, mounted on copper grids, stained with lead 
citrate and observed with a Philips 201 electron microscope 
operated at 60 kV. Group II was sacrificed at 12 hours and 
not 24 hours because of the severe VMH damage observed at 


24 hours after GTG administration. Ultrathin sections of 
group II tissue at 24 hours after GTG injection would have 
given only resin—no cells or cellular components would be 
visible in the VMH due to the extensive GTG-induced de- 
struction. To illustrate this point, the VMH from 5 additional 
mice were challenged with 300 mg/kg GTG IP, sacrificed 24 
hours later, and examined with light microscopy. These tis- 
sues were prepared as outlined in detail previously [3]. 
Briefly, the brains were fixed in 10% formalin, the VMH 
sectioned at 50 wm with a Smith and Farquhar tissue sec- 
tioner, and stained using the Penfield modification of the del 
Rio-Hortega reaction. 


RESULTS 


VMH lesion frequency in Swiss-Webster female mice due 
to GTG was 100%. This result indicated that the Swiss- 
Webster mouse strain is acceptable for studying hypotha- 
lamic GTG-induced pathology. 

Figure | is representative of VMH tissue from untreated, 
normal mice. The neuropil is densely packed with large and 
small processes. Synaptic profiles, cell bodies and myelin- 
ated fibers were visible. No abnormalities were seen to 
suggest that the tissue was necrotic. Twelve hours following 
a GTG challenge, extensive VMH damage was observed in 
these animals (Fig. 2). Intercellular distention was present, 
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FIG. 2. VMH tissue from a mouse challenged with 300 mg/kg GTG IP and sacrificed 12 hours later. Intracellular and intercellular 
distention (asterisks) is visible by electron microscopy which suggests the presence of edema. Magnification is 11,200. 


indicative of tissue swelling and edema. Large processes 
exhibited a loss of cytoplasmic density and swelling, and on 
occasion synaptic destruction was observed. The initial pa- 
thology necessary for the development of the permanent le- 
sion produced after a GTG challenge is well established. Also, 
this damage was more extensive than that observed with 
microlesion formation [2]. However, small processes and 
myelinated fibers were not damaged at 12 hours after injec- 
tion. Light microscopic examination of the VMH from mice 
given 300 mg/kg GTG IP and sacrificed 24 hours later, 
demonstrated extensive hypothalamic destruction (Fig. 3). 
Large areas of the VMH were devoid of tissue and disinte- 
gration of the VMH was evident. Examination of the VMH 
from these animals with electron microscopy would yield mi- 
crographs of resin containing no biological material. Following 
the hydrocortisone and GTG treatment, no VMH tissue edema 
or damage was discerned in these samples (Fig. 4). Cell bodies, 
synapses, large and small processes and myelinated fibers all 
appeared normal. These tissues were indistinguishable from 
the untreated control samples. 


DISCUSSION 


GTG lesion formation can be eliminated by pretreatment 
with glucose transport inhibitors [3, 6, 14] or anti- 
inflammatory agents [4, 9, 11]. This inhibition of necrosis 


with glucose transport blockers probably is accomplished by 
preventing GTG binding with neuronal glucoreceptors [3, 6, 
11, 14). Anti-inflammatory compounds presumably 
minimized the VMH edema reaction produced by GTG 
treatment [8]. Debons and coworkers [8] have shown that 
suppression of GTG-induced edema with iproniazid inhibited 
GTG lesion formation in the VMH. Furthermore, treatment 
of mice with aspirin and GTG prevented extensive GTG- 
induced necrosis with a limitation of edema and production 
of a microlesion [9,11]. 

Insulin and GC, hormones that influence carbohydrate 
metabolism, alter the sensitivity of the VMH to GTG. Insulin 
has a direct action on the neurons in the VMH [5], thus, it 
changes the GTG response in this brain nucleus. The mech- 
anism of GC action on GTG lesion formation in the VMH is 
not known. Caffyn [4] suggested it may be related to the 
anti-inflammatory properties of the steroid. If this idea is 
true, a GC would be expected to function similar to aspirin 
when GTG is present. Thus, a microlesion might be expected 
to appear in the VMH of GC plus GTG treated mice. In the 
present study, animals pretreated with GC did not display 
any GTG-induced necrosis or damage in the VMH. GC pre- 
treatment apparently offered complete protection of the 
VMH to GTG-induced lesion formation. No cellular VMH 
damage was observed at the ultrastructural level. Since no 
microlesion was found, GC possibly prevented GTG- 





FIG. 3. A light micrograph of the VMH from a mouse treated with 300 mg/kg GTG IP and sacrificed 24 hours later. This 50 xm thick 
section was stained using the del Rio-Hortega silver carbonate reaction for oligodendroglia. Extensive GTG-induced necrosis is 


evident. Areas of the VMH completely devoid of biological material are noted with asterisks. The arrow points to a blood vessel and V 
is situated in the third ventricle. Magnification is 180x. 


induced lesion development in the VMH by a mechanism not 
related to its anti-inflammatory activity. Perhaps GC was 
acting as an anti-insulin agent. In support of this idea, De- 
bons et al. [7,11] showed that cortisone, in doses too low to 
prevent GTG lesion formation in normal mice, abolished 
GTG-induced necrosis in the adrenalectomized-diabetic 
animal and exacerbated the diabetes. If the GC was function- 
ing simply as an anti-inflammatory agent, GTG-induced 
damage in the VMH should have been prevented in both 
animal populations. Alternately, GC may bind to receptors 
in the VMH, thereby altering the GTG response, perhaps by 
inducing a conformational change in the glucoreceptors that 
bind GTG. This idea is tenable since GC receptors were 
identified in the hypothalamus [13]. Although the exact 
function of these GC receptors is debated, studies suggested 
that they may impact on membrane receptor function, cellu- 
lar energy and neurotransmitter metabolism [13]. In addi- 
tion, increases in systemic GC are known to enhance 
gluconeogenesis and produce hyperglycemia. This increase 
in blood glucose may compete with GTG at VMH receptor 
sites, and thus prevent GTG lesion formation. The increase 
in blood glucose levels from GC treatment may be coupled, 
at least in part, to the GC anti-insulin effect. 

Serotonin (SHT) content in the brain is dependent on sys- 


temic GC concentrations [12]. Pharmacological depletion of 
S5HT stores in the VMH can prevent GTG-induced necrosis 
[8]. Azmitia and McEwen [1] demonstrated that GC en- 
hanced production of SHT by increasing the activity of the 
rate limiting enzyme tryptophan hydroxylase. This rise in 
SHT resulted in an increased turnover rate of the neuro- 
transmitter, and eventually caused a decrease in central SHT 
pools [15]. These lowered SHT stores may be insufficient to 
mediate GTG-induced VMH destruction. Thus, under these 
conditions, no VMH damage would be observed from a GTG 
challenge. 

In conclusion, we postulate that GC affords protection of 
the VMH to a GTG challenge by altering receptor function, 
changing SHT metabolism, and/or modulating carbohydrate 
metabolism. Since the response of the VMH to a GTG chal- 
lenge differs between GC pretreatment and other anti- 
inflammatory agents such as aspirin, GC anti-inflammatory 
activity does not appear to be a major factor in preventing 
GTG lesion development in the mouse VMH. 
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FIG. 4. A VMH tissue sample from a mouse treated with hydrocortisone (250 mg/kg IP) followed 30 minutes later with 300 mg/kg GTG 
IP. The animal was sacrificed 24 hours after the GTG injection. No VMH damage was observed with electron microscopy. Magnifica- 
tion is 8,000 x 
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GANDELMAN, R. AND S. GRAHAM. Singleton female mouse fetuses are subsequently unresponsive to the 
aggression-activating property of testosterone. PHYSIOL BEHAV 37(3) 465-467, 1986.—Eight-day pregnant mice were 
surgically prepared so that they carried a single fetus which was delivered by cesarean section on Day 18, one day prior to 
term. Other animals were permitted to carry their entire complement of fetuses which also were delivered surgically. Their 
position within a uterine horn relative to one another was noted. Adult ovariectomized testosterone-treated females that 
had been situated in utero contiguous to no male fetuses attacked an olfactory bulbectomized adult stimulus male. In 
contrast, females that resided singly in the uterus were unresponsive to the hormone; they displayed no aggressive 


behavior. Masculinization, therefore, appears to occur in utero in the absence of contiguity to male fetuses. 
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THE seminal work of Clemens [2,3] and the subsequent ef- 
forts of others (cf. [1, 7, 8, 10, 12, 14, 15]) have demonstrated 
that for polytocous (multibirth) species the location of 
females relative to males in utero affects various aspects of 
postnatal behavior and physiology. Females that develop 
contiguous to fetal males (designated mFm) are considered 
to be ‘masculine’ relative to those that reside next to no 
males (fFf) in that the former display higher levels of spon- 
taneous aggression, lower amounts of general activity, a 
male-like pattern of avoidance behavior acquisition, less at- 
tractivity to adult males, as well as increased ano-genital dis- 
tance. Also, and of especial relevance here, they are consid- 
erably more responsive to the behavior-activating properties 
of testosterone. For example, a shorter period of hormone 
administration is required to activate male-like intraspecific 
fighting in mFm than in fFf females [7]. 

The data have prompted some to conclude that conti- 
guity to males in utero is responsible for the variation nor- 
mally observed amongst females with regard to their position 
on the femininity-masculinity continuum (cf. [13]). We report 
here, however, that masculinization occurs in the absence of 
male contiguity; whereas prolonged testosterone adminis- 
tration can activate fighting behvior in fFf animals (those 
considered the least masculine), females that reside alone in 
the uterus are behaviorally unresponsive to the steroid. 





METHOD 


The subjects were Rockland-Swiss albino mice main- 
tained by us as an outbred strain in a closed colony. They 
were housed in 11 x75 in. translucent polypropylene cages, 
the floors of which were covered with pine shavings. 
Animals were provided with food and water in excess and 
kept on a 12 hr light/dark cycle. Eight-day pregnant, timed 
mated, nulliparous females were anesthetized with ether and 
the uterine horns exteriorized. One group of animals was 
surgically prepared to provide singleton fetuses. A small in- 
cision was made in the uterus over all but one randomly 
selected embryo. All but the latter, including placental tis- 
sue, were removed with forceps and the uterus returned to 
the body cavity. A second group of pregnant mice, subjected 
to only anesthetization and exteriorization of the uterus, 
provided control fetuses. We have found [6] that parturition 
is oftentimes delayed in females carrying a singleton. There- 
fore the singletons were removed via cesarean delivery late 
on Day 18 of pregnancy, one day before term. They were 
cleaned with saline and warmed under a heat lamp. When 
attaining the pink coloration characteristic of normally deliv- 
ered young, they were fostered singly to a lactating animal 
that had five 1-day-old young of the opposite sex. Twenty- 
nine animals were prepared in order to yield 12 singletons of 


‘Requests for reprints should be addressed to Dr. Ronald Gandelman, Department of Psychology, Rutgers University, Busch Campus, New 
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FIG. 1. The number of singleton female (sf), singleton male (sm), 
control female (cf) and control male (cm) mice that attacked an adult 
male mouse rendered non-aggressive by olfactory bulbectomy. Con- 
trol females had been located in utero between 2 female fetuses and 
control males were adjacent to 2 males. Animals were tested every 
other day for 60 days (30 tests) or until they fought. The average test 
on which fighting occurred (and the s.e.) also is shown. The aver- 
ages are based upon data from only those animals that fought. 


each sex. Four singletons were resorbed and one was delivered 
dead. 

Control fetuses also were delivered surgically. The posi- 
tion of the fetuses relative to one another within a uterine 
horn was noted and two groups of 12 mice were. formed; 
males that were situated between 2 males and fFf females. 
No more than one control animal was drawn from a given 


pregnancy. Thirty-seven pregnancies were required to 
produce the requisite number of control offspring. They 
were fostered as described above. 

The young were weaned on Day 21 and each was housed 
with an ear-punched, non-experimental animal of the same 
sex until Day 90 when the subjects were housed singly. In 
contrast to males, female mice normally display little if any 
spontaneous intraspecific fighting behavior. To assess their 
responsiveness to the aggression-activating property of tes- 
tosterone, they were ovariectomized on Day 90 and six days 
later implanted SC with a 10 mm section of Silastic tubing 
(i.d.=0.062 in.) containing 5 mg testosterone in 0.02 ml 
sesame oil. The implant normally activates fighting in fFf 
females in approximately 25 days [7]. Tests for fighting 
commenced the following day for the females and males. 
(The latter were not provided with a testosterone capsule.) 
An adult male mouse rendered non-aggressive by olfactory 
bulbectomy [4] was placed into the cage of each animal. A 
fight was scored as having occurred if the test animal bit and 
wrestled with the bulbectomized stimulus animal for at least 
10 seconds during the 10 min test period. Tests were held on 
alternate days for 60 days (30 tests) or until a fight was ob- 
served. 


RESULTS 


The results are depicted in Fig. 1. Whereas all but one of 
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the control fFf females attacked the stimulus male, only one 
singleton female fought (x?, ><0.001). The average test day 
on which fFf females fought was 16.8, 33.6 days following 
the commencement of testosterone exposure. This agrees 
with our previous findings [7]. Singleton status did not affect 
the males, all of which displayed fighting behavior soon after 
the start of the testing regime. 


DISCUSSION 


It is important to note at the outset that we have found 
[6] that surgically created singleton mice are more robust 
than normals. They are heavier at birth and weaning and 
display walking, gripping, eye-opening, and vaginal-opening 
earlier. Singletons even exhibit elevated levels of fetal activ- 
ity. Given these findings and the fact that singleton status did 
not affect the males’ aggressive behavior, it is unlikely that 
the failure of singleton females to respond to testosterone 
was caused by ill health engendered by fetectomy and/or 
singleton status itself. 

The least masculine (viz, most feminine) females have been 
considered those which develop in utero contiguous to no 
males in part because they are least responsive to the male- 
like behavior-activating property of testosterone (cf. [7,13]). 
It has been suggested that their distance from fetal males 
precludes fFf females from being stimulated by fetal testicu- 
lar secretions which are believed to sensitize central tissue, 
augmenting later responsiveness to testosterone [5]. We 
have shown here, however, that singleton females are the 
least masculine of all, being totally unresponsive to the hor- 
mone. 

Since fFf animals fought and singletons did not, the 
former apparently were masculinized in utero; their central 
nervous systems were rendered sensitive to the aggression- 
activating property of testosterone. Therefore, masculiniza- 
tion occurs in the absence of contiguity to males. It follows, 
then, that testicular secretions, if they indeed are responsible 
for prenatal masculinization of the female, reach it through a 
mechanism other than or in addition to passive diffusion 
across amniotic membranes as has been previously 
suggested [13]. The data tend to agree with others which 
show that the necessary condition for masculinization is not 
contiguity to males per se but rather the presence of a male 
situated between the female and the cervical portion of the 
uterine horn [9,11]. 

It is exceedingly rare for mice to give birth to an all- 
female litter and rarer still to carry a single fetus. One can 
conclude, therefore, that a degree of female masculinization 
occurs in utero as a matter of course, rendering futile at- 
tempts to delineate the ‘true female.’ Caution thus must be 
exercised in interpretating data derived from experiments 
dealing with sex differences in the behavior of mice and, 
perhaps, of other polytocous species as well as from investi- 
gations of hormone-behavior interactions, even in those 
cases in which uterine position has been determined. 
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ISAACSON, M. D. ANDI. L. WARD. Prepuberal social rearing conditions and sexual behavior in control and neonatally 
castrated male rats. PHYSIOL BEHAV 37(3) 469-473, 1986.—Male and female sexual behaviors were assessed in control 
and neonatally castrated male rats that had been housed with a female, a control male, or a neonatally castrated male from 
day 16 until adulthood. Prepuberal housing conditions had no differential effect on lordosis or ejaculatory potentials of 
neonatally castrated males tested as adults. A smaller percentage of control males raised with a neonatal castrate ejaculated 
than did animals housed with a female or a control male. However, a greater proportion of control males caged with a 
female showed lordosis than did those living with another control male or with a neonatal castrate. The data demonstrate 
the modulating effects which specific types of social stimulation experienced during early life have on sexual behaviors 


displayed in adulthood. 
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Ejaculatory behavior 
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SEXUAL behavior potentials in male rats are determined by 
the androgenic milieu which exists during critical periods of 
perinatal ontogeny [31] and by social stimulation experi- 
enced during prepuberal life (e.g., [10,23]). Once estab- 
lished, potentials for both male copulation and female lor- 
dosis behavior are activated by hormones secreted by the 
gonads beginning at puberty. Two studies utilizing prenatally 
stressed male rats suggest that the effects of early androgen 
exposure interact with those of social stimulation to deter- 
mine adult sexual behaviors [5,30]. The low potential for 
ejaculation and high levels of lordosis characteristic of pre- 
natally stressed males in adulthood [18, 28, 29] are believed 
to be the result of abnormal patterns of testosterone [32,33], 
testicular steroidogenic enzyme activity [21], and brain 
aromatase activity [34] during fetal ontogeny. However, 
both aberrant sexual behavior patterns can be modulated 
by manipulating the social housing conditions experienced 
by prenatally stressed males during prepuberal development 
[5,30]. 

In the rat, the process of sexual behavior differentiation 
begins during the last week of gestation and continues for the 
first few days postpartum [31]. The present study was under- 
taken to assess whether the type of interaction between early 
androgen exposure and prepuberal social stimulation 





suggested by studies with prenatally stressed males [5,30] ex- 
tends into the critical neonatal period. It is well known that 
neonatally castrated male rats show high levels of lordosis 
behavior but are unable to ejaculate when given activating 
dosages of the appropriate gonadal hormones in adulthood 
(e.g., [9, 16, 24]). However, it is customary to house the 
treated animals with members of the same sex and treatment 
condition from the time of weaning until adulthood. The 
possible modulating effects of different types of prepuberal 
social stimulation on the sexual patterns of neonatal cas- 
trates have not been assessed. 

The second objective of the present study was to replicate 
the paradoxical finding that untreated juvenile male rats 
reared with females show high levels of lordosis behavior in 
adulthood [30]. For that reason many of the procedural de- 
tails and parameters selected for the present design were 
identical to our previous study [30]. 


METHOD 


Procedure 


Estrous nulliparous female rats (Harlan Sprague-Dawley) 
were mated between 0900 and 1300 hr (day 0 of gestation). 
The pregnant females were housed individually in polycar- 
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bonate cages (24x 20x46 cm). Only litters born after 23 days 
of gestation were used. The vivarium was temperature con- 
trolled (approximately 21°C) and maintained on a reversed 
light/dark cycle (lights off 0800-2000 EST). 

Approximately 48 hr after birth, all male offspring from 25 
litters were castrated under ice anesthesia and 25 litters were 
sham operated. On day 16 (birth=day 1), males were placed 
into wire suspension cages (34x 18x19 cm) and randomly 
assigned to the following social conditions: (1) 2 control 
males housed together (N=26); (2) a control male housed 
with a 16 day old female (N =26); (3) a neonatally castrated 
and a control male housed together (N=19/group); (4) a 
neonatally castrated male housed with a 16 day old female 
(N=22); (5) 2 neonatally castrated males housed together 
(N=22). Males living with males were in a vivarium contain- 
ing no females. Littermates did not cohabitate and members 
of each litter were distributed among the various housing 
conditions as equally as possible. 

Because of the early age at which the pups were weaned, 
special caretaking procedures were required 3 times daily 
from days 16-20. To stimulate urination and defecation, the 
ano-genital area of each pup was stroked gently with a cotton 
swab dipped in warm water and a mixture of pulverized rat 
chow and cow’s milk was fed with an eyedropper. Water and 
Purina rat chow pellets were available ad lib throughout the 
study. 

Plasma testosterone levels normally begin to increase be- 
tween 30 and 40 days of age in male rats [3, 6, 20, 22]. To 
produce a rise in testosterone during this period, neonatal 
castrates were injected IM daily with 250 ug of testosterone 
propionate (TP) from days 35 through 60. Control males re- 
ceived cottonseed oil. Between 50-60 days of age, control 
males were castrated under Chloropent anesthesia (Fort 
Dodge Labs., Inc.) and neonatal castrates were sham oper- 
ated. 


Male Behavior Tests 


Beginning on day 60, all animals received daily injections 
of 1 mg TP. After the tenth injection, 4 weekly tests for male 
sexual behavior were given. The experimental animal was 
placed into an observation box (523327 cm) equipped 
with a Plexiglas front. After a 5 min adaptation period, an 
estrous female was added. Lure females were injected IM 
with 0.1 mg of estradiol benzoate (EB) and 1.0 mg of 
progesterone (P) 48 and 4 hr, respectively, prior to testing. 
The number of mounting, intromission and ejaculation re- 
sponses [24] of each experimental animal was recorded on a 
Datamyte 900 data collector. Each test lasted 45 min, but 
was extended when needed to complete an ongoing post- 
ejaculatory interval (PEI), i.e., the time from ejaculation to 
the first mounting response of the next copulatory sequence. 

Animals that failed to ejaculate were given a fifth test for 
male behavior while receiving mild electric skin shock. Skin 
shock facilitates ejaculatory behavior in male rats, including 
some that do not copulate spontaneously [1, 2, 4]. On the 
morning of testing, the experimental animal was 
anesthetized lightly with ether. The hind quarters were sha- 
ven and an electrode (safety pin) was inserted under the skin 
of each flank. In the afternoon, the electrodes were con- 
nected to a revolving commutator on the top of the observa- 
tion box which was linked to a Grass S-5 shock generator. A 
0.5 sec train of 1 msec pulses (80 Hz, 1.5—3.0 mA) was ad- 
justed to an intensity that caused the animal to flinch slightly. 
Current was monitored on an oscilloscope by displaying the 
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TABLE | 


MALE COPULATORY BEHAVIOR SHOWN BY CONTROL AND 
NEONATALLY CASTRATED MALE RATS REARED WITH A CON- 
TROL OR A NEONATALLY CASTRATED MALE OR WITH A FEMALE 





Meant 
Percent* Positive Meant Meant 
N Copulating Tests/4 M I 


Neonatal Prepuberal 
Treatment Cagemate 





Control Female 26 
Castrate male 19 
Control male 26 


34249 72135 
29+ 4.4 6+ 1.5 
36 + 4.0 11 1.8 


I+ I+ 


Overall 71 : 8 


Castrate Female 22 
Castrate male 22 

Control male 19 

Overall 63 


I+ I+ I+ I+ 





* Proportion of animals that showed 5 mount and/or intromission 
responses, with at least 3 occurring on the same test. 
+Mean number of positive tests and mean ( + SE) mount (M) and 
intromission (I) responses per test shown by responding animals. 


voltage drop across a small resistor wired in series with the 
animal. An estrous female then was added to the box and 
shock was delivered on a 20 sec variable interval schedule. If 
mounting behavior occurred within 20 min, the test continued 
for | hr, or until the end of the first PEI, depending on which 
came first. TP injections then were discontinued. 


Female Behavior Tests 


One week later, all animals received 4 weekly injections 
of 10 wg EB, followed 44 hr later by 1.0 mg of P. Beginning 
the second week, tests for lordosis behavior were given 4-6 
hr after the P injection. The experimental male was placed 
into an observation box with a vigorous stud male until a 
minimum of 10 mounts had been received. To achieve this 
criterion, some experimental animals were exposed to more 
than one stud male. A lordosis quotient (LQ) was computed 
for each test. The LQ is the ratio of the number of lordosis 
responses executed by the experimental male to the number 
of mounts received x 100. 


Statistics 


Ordinal level data such as LQ scores were analyzed with 
a Kruskal Wallis test. Nominal level data such as percentage 
of responding animals were compared with binomial tests. 
Parametric data such as number of responses and positive 
tests were compared with analysis of variance (ANOVA) 
followed, where indicated, by a Tukey HSD. 


RESULTS 
Male Behavior Tests 


To be considered a copulator an animal had to have 
shown a minimum of 5 mount and/or intromission responses, 
with at least 3 occurring on the same test. The percentage of 
control and neonatal castrates in the 3 rearing conditions that 
copulated and the number of positive tests averaged by re- 
sponding males in each group are summarized in Table 1. 
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FIG. 1. Percentage of control males reared with a control (N =26), or 
a neonatally castrated (N=19) male, or with a female (N=26) that 
ejaculated at least once on four tests for male copulatory behavior. 


Neither measure differed as a function of neonatal treatment 
or prepuberal rearing condition. 

A 2 way ANOVA (2 neonatal treatments x 3 housing 
conditions) yielded a significant treatment but not housing 
effect for the number of mounting, F(1,106)=6.43, p<0.01, 
and intromission, F(1,106)=44.65, p<0.001, responses 
shown by those animals that met the criterion of copulator. 
As shown in Table 1, control males exhibited a greater 
number of both types of copulatory responses than did 
neonatal castrates. 

While most of the neonatally castrated males met the cri- 
terion of copulator, none of them ever ejaculated. The per- 
centage of control males that ejaculated at least once on the first 
four tests are shown in Fig. 1. Fewer of the control males 
housed with a neonatally castrated male ejaculated than con- 
trol males living with a female or another control male 
(p<0.02). While there were no significant differences in the 
mean number of intromission responses (range = 13-18) that 
preceded the first ejaculatory sequence, the groups differed 
in number of mounts, F(2,30)=9.30, »<0.001. Control males 
housed with a neonatal castrate displayed more mounting 
responses (mean=71+11) during the first ejaculatory se- 
quence than control males housed with a _ female 
(mean=36+5) or with another control male (mean=35+5) 
(p<0.01). 

The electric shock procedure failed to facilitate ejacula- 
tory behavior in any of the neonatally castrated males. How- 
ever, ejaculation occurred during the shock test in 3 of 14 
previously nonresponding control males housed with a 
neonatal castrate and in 2 of the 12, respectively, nonres- 
ponding control males that lived together or with a female. 
After the shock test, the difference in the cumulative per- 
centage of control males with neonatally castrated cage- 
mates (42%) that ejaculated and controls reared with a 
female or another control male (62%) was of borderline sig- 
nificance (p<0.06). 


Female Behavior Tests 


The percentage of males displaying an LQ score of 15 or 
better on at least one of 3 tests are summarized in Table 2. 
Regardless of prepuberal rearing condition, lordosis behav- 
ior occurred in a larger proportion of neonatally castrated 
males than control males (p<0.007). There were no signifi- 
cant differences among the 3 groups of neonatal castrates. 
However, more control males raised with a female showed 


TABLE 2 


FEMALE SEXUAL BEHAVIOR PARAMETERS SHOWN BY CONTROL 
AND NEONATALLY CASTRATED MALES REARED WITH A CON- 
TROL OR A NEONATALLY CASTRATED MALE OR WITH A FEMALE 





Meant 
Percent* Positive 
Lordosing Tests/3 


Meant 
Highest 
LQ + SE 


Neonatal 
Treatment 


Prepuberal 
Cagemate 





Control Female 54 
Castrate male 32 
Control male 31 


Overall 39 


+ + + i 


Castrate Female 82 
Castrate male 73 
Control male 79 


Overall 3 78 


66 
54 
62 


NNNN 
i+ It It Ht 





*Pr portion of animals that achieved an LQ score of 15 or better on 
at least one test. 
+The mean number of positive tests achieved by the responding 
animals and theymean LQ (+ SE) on the test on which the highest 
score was obtained. 


the lordosis pattern than control males raised together 
(p <0.02) or with a neonatal castrate (p<0.05). 

The female sexual behavior parameters exhibited by re- 
sponding control and neonatally castrated males from the 3 
rearing conditions are summarized in Table 2. Neonatal cas- 
trates showed lordosis on more tests than control males, 
F(1,71)=16.59, p<0.001, but social condition did not influ- 
ence the number of positive tests in either group. Kruskal- 
Wallis tests were applied to the LQ measures taken from 
responding animals on the test on which the highest score 
was obtained. No significant differences were found within 
either the control or neonatally castrated group as a function 
of type of cagemate. However, when collapsed across rear- 
ing conditions, neonatal castrates displayed significantly 
higher LQ scores than responding control males (H=5.98, 
p<0.02). 


DISCUSSION 


In agreement with many previous demonstrations (e.g., 
[9, 16, 24]), neonatally castrated male rats displayed high 
levels of lordosis behavior and failed to ejaculate, even when 
given skin shock. While the prepuberal social environment 
did not differentially affect either behavior pattern in 
neonatal castrates, it altered the expression of both lordosis 
and ejaculation in control males. Compared to animals 
housed with a control male or female cagemate, a smaller 
proportion of those living with a neonatally castrated male 
ejaculated. Furthermore, even when such males ejaculated, 
they required almost twice as many mounts as animals with 
intact cagemates. Lordosis behavior was not affected by a 
neonatally castrated cagemate. However, more of the males 
living with a female showed lordosis than did any other con- 
trol group. This latter finding is in agreement with a previous 
report from our laboratory [30]. 

The adult sexual behavior potentials of females, and of 
prenatally stressed [30] and neonatally castrated males ap- 
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pear alike in that all three show little ejaculatory behavior, 
but are capable of high levels of lordosis in adulthood. De- 
spite such superficial similarities, these groups constitute 
very different social stimuli, as indicated by the diverse sex- 
ual patterns observed in control males chronically exposed 
to them during prepuberal development. Specifically, the 
control group with neonatally castrated male cagemates 
showed low levels of both lordosis and ejaculatory behavior 
in adulthood. Whereas the control group with female cage- 
mates exhibited both male and female sexual patterns. 
Ejaculatory behavior coupled with a low potential for lor- 
dosis, the pattern most commonly considered to be normal 
for males, was seen in the control group reared with other 
control males, and previously was found to characterize con- 
trol males with prenatally stressed male cagemates [30]. The 
adult sexual patterns shown by control males were not re- 
lated, in any obvious manner, to the potentials for male or 
female sexual behavior of their prepuberal cagemates. It is 
not clear what the critical characteristics of early social 
stimulation are that influence the expression of sexual behav- 
ior in male rats or the nature of the mechanism(s) through 
which such an influence might be exerted. 

While the detrimental consequences of prepuberal social 
isolation on male sexual behaviors are amply documented in 
rats [5, 7, 10, 23], guinea pigs [8,25], and primates [17,19], 
less is known of the effects of other types of early social 
environments. The most completely studied species appears 
to be the rhesus monkey. Early rearing conditions have been 
shown to affect a variety of sexually dimorphic social pat- 
terns, the most pertinent to the present discussion being the 
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double-foot clasp. This behavior must develop in juvenile 
males if normal sexual behavior is to emerge in adulthood. 
The tendency to show the double foot-clasp pattern is af- 
fected by the amount of time the juvenile is allowed to inter- 
act with peers, the sex of the peers, and the age of separation 
from the mother [1 1-15, 26, 27]. The present study provides 
further documentation that social factors experienced by 
males during prepuberal development influence adult sexual 
behaviors not only in primates but also in rodents. Further, 
female sexual behaviors are affected, as well as male. 

The failure to find an interaction between early androgen 
exposure and prepuberal socialization may be attributable to 
the extreme effect which neonatal castration has on the 
process of sexual behavior differentiation. Gonadectomy 
was delayed until 48 hr after birth in the hope of obtaining a 
moderate facilitation of the lordosis potential and suppres- 
sion, but not elimination, of the ability to show ejaculation. 
This strategy was not successful in that none of the castrates 
ejaculated and few failed to display lordosis. The transient 
hormonal changes induced by prenatal stress have less se- 
vere consequences on the process of sexual behavior differ- 
entiation than does neonatal castration [31-33]. This may 
make it easier to detect the interaction of early hormonal 
influences with those of prepuberal social stimulation [30]. 
Neonatal castrates may be less reactive to social manipula- 
tions than prenatally stressed males either because of the 
different ontogenetic stage during which the hormonal ab- 
normality occurs or because castration causes a greater and 
longer lasting reduction in plasma testosterone than does 
stress, or both. 
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KING, T. R. AND D. M. NANCE. Neuroestrogenic control of feeding behavior and body weight in rats with kainic acid 
lesions of the lateral septal area. PHYSIOL BEHAV 37(3) 475-481, 1986.—The role of the lateral septal area (LS) in the 
regulation of energy balance and the estrogenic control of feeding behavior in the female rat has been examined. Food 
intake (FI) and body weight (BWt) were measured daily following kainic acid (KA) LS lesions (KALS) to assess any 
regulatory changes in energy balance. In all animals KA lesions of the LS produced major cell loss in the LS; however the 
extent of damage was variable. Associated with KA lesions of the LS was the concurrent loss of CA3-CA4 cell groups in 
the hippocampus which was comparable for all the lesioned animals. The extent of septal damage was quantified mor- 
phometically and correlated with changes in FI and BWt following estrogen treatment. The significant effects of the KALS 
lesions, relative to the control animals were: (1) an increase in BWt which was statistically significant 22 days following 
brain surgery, (2) an increase in daily FI which was significant by day 6 post surgery, (3) an attenuation in the anorexic 
effects of estrogen on FI and BWt, and (4) a significant decrease in the percent days of vaginal estrus. Moreover, the 
anorexic effects of estrogen were significantly correlated with the extent of LS damage, but not the amount of hippocampal 
damage. The present study confirms that an increase in BWt is produced by KA lesions of the LS and further indicates that 
a sustained period of increased FI precedes the increase in BWt. Also these results verify that cells in the LS are involved in 
the estrogenic control of energy balance and further suggest that the increase in FI and BWt following KA lesions of the LS 
is attributable to the concurrent reduction in the anorexic effects of estrogen. The morphometic analysis of the brain lesions 
further suggest the ventral and/or intermediate subdivisions of the LS as the location of the cell bodies that modulate the 
estrogenic control of feeding behavior. 


Lateral septal area Kainic acid Food intake Body weight Vaginal cycles 





LESIONS of extrahypothalamic regions have been shown to effects of estrogen resulting from KA septal lesions may 
produce alterations in food intake (FI) and body weight have resulted in an increase in FI and therefore BWt. In 
(BWt) regulation [4, 14, 23]. Recently it has been suggested support of this, we have reported that lateral septal area 
that the septal area may be one of the primary extrahypotha- lesions produced by KA result in a decrease in the behav- 
lamic sites involved in the hormonal control of energy bal- ioral sensitivity to estrogen [11,19]. However, earlier studies 
ance [19]. In support of this, kainic acid (KA) lesions of the based on knife cut and electrolytic lesion experiments have 
lateral septal area produce a sustained increase in BWt not been in complete agreement in that both no change [9,15] 
[11,19] whereas KA lesions of the medial septal area produce and a transitory increase [5,25] in FI has been reported fol- 
a transitory increase in BWt [11,16]. Several possible expla- lowing septal lesions. More recently, it has been reported 
nations may account for a change in BWt regulation follow- that KA lesions of the medial septal area produce a transi- 
ing KA septal lesions. First, metabolic and/or ovarian func- tory period of hyperphagia without altering BWt [16]. Finally, 
tion may have been affected as a result of alterations in the long-term increases in FI were not observed following KA 
extrahypothalamic control of pituitary function following lateral septal area lesions [11,19]. It has been suggested that 
KA septal lesions. Both metabolic states and ovarian this increase in BWt following KA lesions of the lateral sep- 
steroids contribute significantly to the regulation of FI and tal area is directly related to the concurrent attenuation in the 
BWt [18, 24, 27]. Secondly, an attenuation in the anorexic anorexic effects of estrogen on FI and BWt [19]. 





‘Results presented in part at the 15th Annual Meeting of the Neuroscience Society, Dallas TX, October, 1985. 
*Requests for reprints should be addressed to Dwight M. Nance. 





KING AND NANCE 


FIG. 1. Representative drawings of the septal area and dorsal hippocampus following kainic acid (KA) or saline injections into the lateral 
septal area (LS). Both large (KALS-L) and small (KALS-S) lesions as well as sham surgeries (SHAM) are shown. Sections are from rostral to 
caudal. Abbreviations: AC—anterior conmissure, Acb—nucleus accumbens, Bst—bed nucleus of stria terminalis, CC—corpus callosum, 
CPu—caudate putamen, F—fornix, GP—globus pallidus, HP—hippocampus, LS—lateral septal area; d—dorsal, i—intermediate, and 


v—ventral subdivisions according to Swanson [26], MS—medial septal nucleus, MT—mamillothalamic tract, OT—optic tract, V—lateral ventri- 
cle, VMH—ventromedial hypothalamus. 


At present the short-term effect of KA lesions of the lat- 
eral septal area on the regulation of FI and BWt has not been 
examined systematically. In view of the findings that the 
period of hyperphagia reported by Munoz and Grossman [16] 
was present during the first week post-surgery and the per- 
sistent increase in BWt reported by King and Nance [11] was 
not statistically significant until 3 weeks post-surgery, we 
tested whether an increase in FI following KA lateral septal 
area lesions preceded the subsequent chronic increase in 
BWt. In addition, the effects of ovariectomy and exogenous 
estrogen treatment on the regulation of energy balance fol- 
lowing KA lateral septal area lesions were examined. 

The present study shows that a period of increased FI 
precedes the onset of an increased BWt following KA lesions 
of the lateral septal area and further demonstrates that the 
attenuation in the anorexic effects of estrogen on energy 
balance following KA septal lesions is correlated with the 
extent of lateral septal area damage. 


METHOD 
Female S/D rats (Simonsen Lab, Gilroy, CA) weighing 


110-130 g were housed in individual cages and given ad lib 
access to water and a high fat diet of powdered Purina Rat 
Chow and Crisco (2:1). Animals were maintained on the diet 
for the duration of the study and FI and BWt were recorded 
daily. Following a baseline period of 8 days, animals were 
anaesthetized with Sodium Brietal (hexobarbital 50 mg/kg) 
and received one of two surgeries. Using a Hamilton mi- 
crosyringe (needle size 25 gauge), a total volume of 0.5 ul KA 
(2 wg/ul, Sigma lot No. 32F-0687) was infused bilaterally into 
the lateral septal area (LS) at a rate of 0.1 ul per minute 
(KALS). Following the infusion, the needle was left in place 
for an additional 10 minutes. Sham controls received identi- 
cal brain surgery except normal saline was infused into the 
LS. The stereotaxic coordinates used were according to De- 
Groot [3]: 1.5 mm anterior to bregma, 0.65 mm lateral, and 
4.5 mm below the dura. 

Daily vaginal smears were taken from 8 days prior to 
surgery until 28 days postoperatively. Subsequently the 
animals were ovariectomized and following a 2 week re- 
covery period received a single 6 wg subcutaneous injection 
of estradiol benzoate (EB). BWt and FI were recorded for an 
additional 12 days after EB injection. 
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TABLE 1 


MORPHOMETRIC MEASUREMENTS OF THE SEPTAL AREA FOLLOWING KAINIC ACID (KA) OR 
SALINE INJECTIONS INTO THE LATERAL SEPTAL AREA (LS) 





Group (N) SHAM (7) 


KALS-L (5) KALS-S (4) 





Septal Area (+ SE)t 
range§ 


100 + 2.2% 
(91.5%-102%) 


47.9 + 1.4%** 
(42.7%-51.2%) 


60.5 + 2.1%* 
(55.5%-64.0%) 





*Significantly different from SHAM p<0.05. 
tSignificantly different from KALS-S p<0.05. 


+Morphometric measurements based on serial reconstructions of the septal area and expressed as a 


percent. 


§Range in septal area measurement for the SHAM and KA lesion groups and expressed as percen- 


tages. 
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FIG. 2. Mean percent change in body weight (BWt) from baseline in 
animals with kainic acid lesions of the lateral septal area (KALS) or 
sham surgeries (SHAM) for 2 days prior to and 28 days following 
brain surgery (INJ). Baseline was computed as the mean BWt gain 
for 4 days prior to surgery. *Indicates significantly different from 
sham group p<0.05. 


At the end of the study rats were overdosed with Nem- 
butal and perfused with 4% paraformaldehyde in phosphate 
buffer (pH 7.2-7.4). Brains were removed and placed in 30% 
buffered sucrose for at least 24 hours, sectioned on a freezing 
microtome at 40 um, and stained with cresyl violet. Sections 
were examined with a Trisimplex projector and the septal 
area traced and measured using a Ziess IBASS Image 
Analyzer to determine the extent of septal area damage fol- 
lowing infusions of KA or saline. 


Statistics 


All data involving repeated measures on the same sub- 
jects were analyzed using an ANOVA program (Human Sys- 
tems Dynamics) for analysis of variance with repeated 
measures and then Duncan’s studentized range test for com- 
parisons of individual means with the control. Probabilities 
less than 0.05 were regarded as statistically significant. In 
addition, correlational analysis of FI and BWt with the ex- 
tent of septal damage was determined. Based upon this cor- 
relation analysis, the KALS lesion group was subdivided 
(see Histology) into groups with large (KALS-L) and small 
(KALS-S) lesions and the data reanalyzed using the 
ANOVA statistical program. 
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FIG. 3. Mean percent change in daily food intake (FI) from baseline 
in rats with kainic acid lateral septal lesions (KALS) or sham 
surgeries (SHAM) for 2 days prior and 28 days following brain 
surgeries (INJ). Baseline was computed as the mean FI for 4 days 
prior to brain surgery. *Indicates significantly different from sham 
group p<0.05. 


RESULTS 
Histology 


Shown in Fig. 1 are the representative drawings of the 
septal area and dorsal hippocampus following KALS lesions 
(KALS-L, KALS-S, sections a—-d) or sham surgeries 
(SHAM, sections a—d). Generally, KA lesions of the LS 
produced extensive symmetrical damage of the LS 
(KALS-L, indicated by arrowheads, sections a—c) which in- 
cluded loss of the dorsal, intermediate, and ventral divisions. 
However, in a number of animals (N=4) portions of the in- 
termediate and ventral divisions of the LS were spared fol- 
lowing KA lesions (Fig. 1, KALS-S, arrowhead indicates 
septal damage). Quantification of the extent of septal damage 
using an IBASS Image Analyser verified these gross his- 
tological differences (Table 1). Associated with all the KALS 
lesions was the concurrent loss of hippocampal CA3 and 
CA4 cell groups (Fig. 1, KALS-L, KALS-S, section d, ar- 
rows indicate area of hippocampal damage). With the excep- 
tion of the glial scar from the needle track, no obvious dam- 
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FIG. 4. Mean percentage change in body weight (BWt) from 
baseline in animals with kainic acid lesions of the lateral septal area 
(KALS) or sham surgeries (SHAM) for 4 days prior to and 12 days 
following a 6 wg estradiol benzoate (EB) injection. Baseline was 
computed as mean BWt gain for 4 days prior to EB injection. *Indi- 
cates significantly different from sham group p<0.05. 


age to the septal area or hippocampus following saline injec- 
tions was detected (Fig. 1, SHAM, sections a-d). 


Food Intake, Body Weight Regulation, and Ovarian 
Function 


The percent change in BWt from baseline following brain 
surgery (baseline computed as mean BWt 4 days prior to 
surgery) for the KALS and sham operated groups are shown 
in Fig. 2. Following brain surgery the analysis indicated a 
significant lesion Xx days interaction, F(14,196)=11.597, 
p<0.001. Individual comparisons indicated a transitory but 
significant decrease in BWt from baseline for the KALS rats 
compared to the sham operated group (Duncan’s p<0.05). 
However, by day 22 post-surgery the KALS group demon- 
strated a significant increase in percent BWt from baseline 
compared to the sham operated group (Duncan’s p<0.05). 
Illustrated in Fig. 3 is the percent change in FI from baseline 
(baseline based on the mean FI for 4 days prior to surgery) 
following brain surgery. Same as with BWt, there was a 
significant lesion Xx days interaction, F(14,196)=6.695, 
p<0.001. Individual comparisons indicated that six days fol- 
lowing brain surgery the KALS group demonstrated a 
signficant increase in FI from baseline compared to the sham 
operated group (Duncan’s p<0.05). This significant increase 
in FI was present up to day 28 post-brain surgery. 

Following KA lesions of the LS, rats exhibited a signifi- 
cant decrease in the percent days of vaginal estrus compared 
to the sham operated group (KALS 18.2+2.5 vs. Sham 
25.9+1.5, t-test, p<0.05). The removal of the ovaries in the 
sham operated group resulted in an increase in absolute BWt 
gain which was comparable to the KALS group although the 
mean BWt for the sham operated group was still significantly 
less than the KALS group. Similar findings for FI following 
ovariectomy were observed (data not shown). 

Shown in Figs. 4 and 5 are the mean percent changes in 
BWt and FI from baseline (based on mean BWt and FI 4 
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FIG. 5. Mean percent change in food intake (FI) from baseline in 
rats with kainic acid lateral septal lesions (KALS) or sham surgeries 
(SHAM) for 4 days prior to and 12 days following a single 6 ug 
estradiol benzoate (EB) injection. *Indicates significantly different 
from sham group p<0.05. 


days prior to EB injection) of the KALS and sham operated 
groups following a single 6 ~.g subcutaneous injection of EB. 
Following estradiol treatment, the analysis indicated a signif- 
icant lesion x day interaction, F(15,210)=2.486, p<0.002. 
The typical anorexic effects of estrogen were demonstrated 
in the sham operated group as shown by a significant de- 
crease in BWt from baseline (Fig. 4). Similarly, a decrease in 
BWt from baseline was observed in the KALS group; how- 
ever individual comparisons indicated this decrease was 
significantly less than the decrease in the sham operated 
group after the EB treatment (Duncan’s p<0.05). The single 
injection of EB produced a decrease in FI for both lesion and 
sham operated groups (Fig. 5); however, on day 6 post-EB 
injection, FI for the KALS group was significantly greater 
compared to the sham operated group (Duncan’s p<0.05). 

There was a significant correlation of FI and BWt gain 
with the extent of septal damage following EB treatment (see 
Table 2). Based upon these results, the KALS group was 
subdivided into large (KALS-L) and small (KALS-S) KALS 
lesion groups (see Table 1) and the data reanalyzed. Follow- 
ing brain surgery, both KALS-L and KALS-S groups exhib- 
ited a significant decrease in BWt from baseline compared to 
the sham operated group. Moreover, this decrease was still 
apparent for the KALS-L group 4 days after brain surgery 
while the percent BWt for the KALS-S group was compara- 
ble to the sham operated controls. However the differences 
in BWt changes between the two KA lesion groups was not 
observed by day 16 post-brain surgery and by day 22 both 
KALS lesion groups demonstrated a significant increase in 
percent BWt compared to the sham operated group (data not 
shown). Similar findings were observed for the two lesion 
groups with respect to FI following brain surgery. Both KA 
lesion groups exhibited comparable changes in BWt and FI 
following ovariectomy. 

Changes in BWt and FI from baseline (computed as mean 
BWt and FI 4 days prior to EB treatment) for the three 
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TABLE 2 


CORRELATIONAL ANALYSIS OF THE PERCENT CHANGE IN BODY WEIGHT(BWt) AND FOOD 
INTAKE (FI) FROM BASELINE FOLLOWING A SINGLE INJECTION OF 6 wg ESTRADIOL BENZOATE 
(EB) WITH THE EXTENT OF LATERAL SEPTAL DAMAGE PRODUCED BY KA 





Days pre/post EB injection 


-1 5 


7 8 10 11 12 





BWt -.10 -—.22 -—.49 -.41 -—.6€ 
FI -.28 -—.42 -.17 


—.67* —.69* —.72* —.75* —.74* —.78* —.79* —.79* 
—.77* —.71* —.67* -.72* -.59 -.65 -.52 -.55 -.19 —.06 





*Correlation>95% q(r) = .666. 
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FIG. 6. Mean percent change in body weight (BWt) from baseline in 
animals with large (KALS-L) or small (KALS-S) kainic acid lateral 
septal lesions or sham surgeries (SHAM) for 4 days prior to and 12 
days following a 6 wg estradiol benzoate (EB) injection. Baseline 
was computed as mean BWt for 4 days prior to EB injection. *Indi- 
cates significantly different from sham group p<0.05. 


groups following EB injection are shown in Figs. 6 and 7. 
Following estradiol treatment the analysis indicated a signif- 
icant lesion x days interaction, F(15,195)=4.595, p<0.001. 
Both the KALS-S and sham operated groups showed com- 
parable decreases in BWt from baseline following EB treat- 
ment (Fig. 6), whereas the KALS-L group exhibited only a 
small decrease in BWt from baseline (Duncan’s p<0.05). 
Furthermore, the relative decrease in BWt from baseline for 
the KALS-L group was significantly less compared to the 
sham operated and KALS-S groups (Duncan’s p<0.05). 
Analagous findings were observed for the FI data (Fig. 7) 
with a_ significant lesion x days __ interaction, 
F(15,195)=1.587, p<0.034. Individual comparisons indi- 
cated that the KALS-S and sham operated groups exhibited 
a similar decrease in FI following estrogen treatment 
whereas the KALS-L group showed an attenuation in the 
estrogenic control of FI (Duncan’s p<0.05). 


DISCUSSION 


The effect of KALS lesions on BWt regulation in the 
female rat has been confirmed [11,19]. Moreover, the pres- 
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FIG. 7. Mean percent change in food intake (FI) from baseline in 
animals with large (KALS-L) or small (KALS-S) kainic acid lateral 
septal lesions and sham surgeries (SHAM) for 4 days prior to and 12 
days following a single 6 yg injection of estradiol benzoate (EB). 
*Indicates significantly different from sham group p<0.05. 


ent study has shown that an extended period of increased FI 
is present following KALS lesions which may account for 
the increase in BWt. However, as suggested previously, 
extrahypothalamic control of pituitary function may also 
contribute to the regulation of energy balance. In support of 
this, we have reported previously [11,19] that KA lesions of 
the LS produce a decrease in the percent days of vaginal 
estrus and this was replicated in the present study. This 
suggests a modification in pituitary function, although pseu- 
dopregnancy may have contributed to these changes follow- 
ing brain surgery. However, this reduced incidence of vagi- 
nal estrus following KALS lesions is not sufficient to ac- 
count for the observed alterations in FI and BWt as shown 
by the group differences observed following exogenous es- 
trogen treatment. If pituitary function were modified by 
KALS lesions, then the regulation of specific pituitary hor- 
mones involved in the modulation of energy balance may 
have been modified. It has been previously reported that 
growth hormone produces an attenuation in the estrogenic 
control of energy balance in the prepubertal rat [10]. The 
possibility exists that growth hormone levels may have been 
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increased following KALS lesions which consequently 
produced a variety of metabolic changes resulting in an al- 
teration in BWt and FI regulation. In support of this 
possibility, it has been shown that complete septal ablations 
can alter the regulation of other pituitary hormones in the 
adult rat [28]. Furthermore, it has been reported that septal 
lesions significantly increase somatic growth, food intake, 
growth hormone, and insulin serum concentrations in the 
hamster [1]. Although this explanation has yet to be tested, 
increased body length was not apparent following KA le- 
sions of the LS in the female rat and would tend to discount 
this possibility (King, unpublished observation). 

The present study has also provided additional informa- 
tion on the relevance of specific regions of the LS in regulat- 
ing the estrogenic control of feeding behavior. Specifically, 
KALS lesions which spared the intermediate and ventral 
divisions of the LS did not produce an attenuation in the 
anorexic effects of estrogen whereas complete LS damage 
produced an almost complete attenuation in the estrogenic 
control of energy balance. Similarly, it has been previously 
reported that the attenuation in the effects of estrogen on 
energy balance is also directly related to the extent and loca- 
tion of hypothalamic deafferentations [17]. In support of the 
present morphological findings, the correlational analysis 
has shown that alterations in FI and BWt following estrogen 
treatment are dependent upon the extent of septal damage. 
Moreover, the days on which the attenuation in the anorexic 
effects of estrogen on FI and BWt were most apparent for rats 
with complete lateral septal area damage correspond closely 
with the days on which FI and BWt were significantly corre- 
lated with the extent of septal damage. Also, the present 
study shows that alterations in FI preceded the increase in 
BWt and would suggest the regulatory changes in BWt 
associated with KA septal damage is the result of a modifi- 
cation in the estrogenic control of feeding behavior and not 
an alteration in pituitary or metabolic function. These results 
replicate our earlier findings which reported a decrease in 
behavioral sensitivity to estrogen following KALS lesions 
[11,19]. Moreover, the present study indicates that the in- 
termediate and/or ventral divisions of the LS are the regions 
most critically involved in the estrogenic control of energy 
balance. It is known that the ventral and intermediate di- 
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visions of the LS have efferent connections with specific 
hypothalamic nuclei involved in the control of energy bal- 
ance [12,26] and contain estrogen concentrating neurons 
[22]. However, it has not been determined if the LS exerts its 
influences on energy balance through direct hypothalamic 
connections or indirectly through the medial septal area. 

Finally, KA has provided new insight into the role of the 
septal area in the regulation of energy balance in the female 
rat. This may be attributed to the selective nature of the 
neurotoxin which has been reported to destroy the intrinsic 
neuronal populations while sparing the axons of passage [2, 
7, 8, 20]. However, several investigations have reported the 
loss of neurons distant to the site of KA infusion [11, 13, 19, 
21]. Similarly, the present study has shown a concurrent loss 
of CA3 and CA4 cell groups in the hippocampus following 
KALS lesions and would suggest the hippocampus may also 
be involved in the regulation of energy balance. Supportive 
of this, a partial attenuation in the estrogenic control of FI 
and BWt regulation has been reported following KA hip- 
pocampal lesions [11]. However, KA or coagulative hip- 
pocampal lesions have no effect on weekly BWt gains or 
feeding behavior [11,23]. In addition, the present findings 
indicate that irrespective of hippocampal damage, which was 
not systematically related to FI and BWt changes, the effects 
of KALS lesions on energy balance are directly dependent 
upon the extent and location of LS damage. 

In conclusion, the LS appears to be a major extrahypotha- 
lamic region involved in the regulation of energy balance in 
the female rat. It is generally believed that estrogen mod- 
ulates feeding behavior by modifying the metabolic activity 
of specific neurons associated with the long term control of 
feeding behavior [18]. Therefore, the observed changes in 
energy balance following KALS lesions may be due to the 
loss of estrogen sensitive neurons localized in specific di- 
visions of the LS. It would also appear likely that the inter- 
mediate and ventral divisions of the LS may mediate the 
effects of estrogen on feeding behavior via direct or indirect 
connections with the mediobasal hypothalamus [12]. 
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MENCH, J. A., A. VAN TIENHOVEN, B. KASZOVITZ, A. HUBER AND D. L. CUNNINGHAM. Behavioral effects 
of intraventricular dibutyryl cyclic AMP in domestic fowl. PHYSIOL BEHAV 37(3) 483-488, 1986.—Intraventricular 
administration of dibutyryl cyclic AMP (dbcAMP) to domestic fowl induced behaviors within 60 seconds which persisted 
for 7-120 minutes. Stereotyped head movements and increases in preening were observed at the lowest dose (50 nmol), 
while at higher doses (150 and 225 nmol) head movements were interspersed with escape behavior, increases in locomotor 
activity, salivation and a loss of coordination. Administration also elicited vocalizations, mainly laying and type | warning 
calls. These calls contained many abnormal elements, possibly caused by relaxation of the syringeal musculature. The rate 
of calling was influenced by testosterone, being greater in hens and capons than in roosters or capons implanted with 
testosterone propionate. Caponization also intensified escape behavior. No behaviors were induced by administration of 
the hydrolysis product of dbcAMP, butyric acid. These behavioral effects of dbcAMP are similar to those reported to occur 


during electrical stimulation of loci in the avian brain. 
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DURING a study of the effects of intraventricular adminis- 
tration of cyclic AMP (cAMP) on ovulation in laying hens, 
we noted that administration of the dibutyryl derivative 
(dbcAMP) was consistently followed by vocalization. Di- 
butyryl cyclic AMP-induced vocalization and motor activity 
have previously been reported to occur not only in several 
mammalian species after intraventricular injection [4,7], but 
also in chicks and adult domestic fowl after intracranial or 
intrahypothalamic injection [1,17]. Central administration of 
cAMP alone is generally found to be less effective or inef- 
fective in inducing behavior [6], presumably because cAMP 
is more readily broken down by phosphodiestrase in vivo 
than is the dibutyryl derivative. 

The purpose of the present experiments was to quantify 
the behavioral responses of domestic fowl to different doses 
of intraventricularly administered dbcAMP, and to deter- 
mine how such responses might be modulated by sex and 
hormonal status of the animal. 


METHOD 
Experiment I 


Cornell C-strain hens (n=5) were stereotaxically im- 
planted with 11 mm + 11 mm 23 gauge guide third ventricle 
cannulae under halothane anesthesia [21]. Hens were housed 
in individual cages in a temperature- (20+2°C) and light- 
controlled room (light cycle 14 L:10 D). Doses of 150 nmol, 
225 nmol, and 300 nmol of N®, 2’-O-dibutyryladenosine 
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3’,5’-cyclic monophosphate (Sigma Lot 41F-7320) in 4 yl 
artificial hen cerebrospinal fluid (CSF), as well as a 600 nmol 
control solution of the product of dbcAMP hydrolysis, 
butyric acid (BA), were administered randomly via the can- 
nula. In a preliminary experiment (B. Kaszovitz, unpub- 
lished observations), doses of dbcAMP in excess of this level 
had been found to cause convulsions and/or death in 2 laying 
hens. The number of vocalizations given within a ten minute 
period were recorded. In addition, two of the hens were 
removed to a test chamber where vocalizations given both 
before and after administration of a 225 nmol dose of 
dbcAMP were tape recorded. Sonograms were prepared 
using both the wide and narrow band settings on a Kay sono- 
graph, and analysed with reference to a library of fowl vo- 
calizations maintained by Professor D. W. Félsch. 


Experiment 2 


Hens (n=3), roosters (n=3), and capons (n=6) were can- 
nulated and housed as described in Experiment 1. Three of 
the capons were implanted subcutaneously with silastic cap- 
sules containing testosterone propionate; comb color and 
size were monitored in order to determine when implants 
required replacement. Because roosters appeared to be par- 
ticularly sensitive to dbcAMP administration, doses were 
decreased to 50, 150 and 225 nmol in 4 ul artificial hen CSF, 
administered randomly among the four treatment groups. In 
addition to the BA control, a behavioral control was incorpo- 
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FIG. 1. Behaviors induced by intraventricular administration of 
dbcAMP. While values represent changes over pretest levels, these 
behaviors were extremely rare in the pretest period, and also oc- 
curred infrequently after Sham (O,) or butyric acid (O,,) treatment. 
Vertical bars represent pooled standard deviations. Escape intensity 
ratings are described fully in the Method section. 
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rated which consisted of removing the animal from the cage 
and placing it on the injection table for 1 minute (Sham). 
Behaviors were videorecorded in the home cage for 5 min- 
utes prior to and 15 minutes after infusion, and monitored 
intermittently thereafter until the reaction abated. Locomo- 
tor activity was assessed by counting the number of com- 
plete rotations made in the cage, while escape behavior was 
assigned an intensity rank on a scale where | equalled stereo- 
typed back-and-forth head movements, 2 equalled head 
movements accompanied by movement of the body along 
the cage wall, and 3 equalled attempts to push or fly out of 
the cage. All injections were given between 1330 and 1530, 
and a minimum of four days was permitted to elapse between 
test sessions for a particular individual. 

The duration, intensity, or number of instances of each 
behavior noted were expressed as changes over pretest 
levels, and subjected to an analysis of variance (SAS, 1982). 
The treatment sum of squares was partitioned into the fol- 
lowing orthogonal comparisons: hens vs. capons, roosters 
vs. implanted capons, and hens and capons vs. roosters and 
implanted capons. 


Experiment 3 


Four cannulated hens and one cannulated rooster were 
group-housed in a spacious floor pen containing nests in vis- 
ual, but not auditory, isolation from neighboring birds. Birds 
were injected as described in Experiment 2, except that the 
rooster, who reacted adversely to the 150 nmol dose, was not 
given the highest dosage. All occurrences of orientation and 
approach behavior to injected birds as well as use of the 
nest-boxes by injected birds were recorded. 


RESULTS AND DISCUSSION 


In Experiment 1, administration of dbcAMP to hens in- 
duced vocalizations, F(3,16)=10.7, p<0.001, which in- 
creased from 34.8+7.8 per ten-minute interval after BA in- 
jection to 83.8+31.8 after 150 nmol, 163.4+24.0 after 225 
nmol, and 256.4+43.4 after 300 nmol injection. In Experi- 
ment 2 (Fig. 1), administration resulted in marked increases 
in locomotor activity, F(4,40)=3.18, p<0.05, vocalization, 
F(4,40)=7.16, p<0.001, escape duration, F(4,40)=8.15, 
p<0.001, and escape intensity, F(4,40)=7.29, p<0.001, in all 
treatment groups. Such behaviors occurred very in- 
frequently during the pretest observation period. Capons 
displayed more intense escape behavior than did hens, 
F(1,40)= 12.15, p><0.001. The presence of endogenous or ex- 
ogenous testosterone had a marked effect on vocalizations, 
which occurred with significantly greater frequency after 
dbcAMP administration in hens and capons than in im- 
planted capons and roosters, F(1,40)=7.31, p<0.01. As a 
result of the apparent absence of published information re- 
garding capon calls or comparing call frequencies in normal 
males and females, it is difficult to determine if this effect of 
testosterone is reflective of a normally occurring difference 
or one which results only under conditions of dbcAMP infu- 
sion. The mechanism of action of testosterone under these 
conditions is also unclear. There were no other significant 
differences between treatment groups, and all Sex by Dose 
interactions were also non-significant. 

Induced behaviors in Experiment 2 tended to peak in fre- 
quency or intensity at a dose of 150 nmol and decline some- 
what thereafter, probably as a result of the noticible deteri- 
oration of motor control and coordination of activity at the 
highest dose. This deterioration, also reported in chicks [1], 
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FIG. 2. Typical hen vocalizations in Experiment 1. Each division on the y-axis represents a frequency of 500 
Hz, and each division on the x-axis a time of 150 msec. The predominant vocalization prior to dbcAMP 
administration was the laying call (2.1). After administration (2.2, 2.3), these laying calls contained unusual 
low frequency elements (A) and irregular high frequency peaks (B). Some regular high frequency peaks were 
similar to those of the type 1 warning call (2.4). Call elements also degenerated into repetitive ‘‘clucks’’ (2.5) 
after administration. 
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FIG. 3. Effect of dbcAMP administration on maintenance activities. 
Feeding and resting tended to decrease from pretest levels (O,,) after 
injection, while drinking tended to be elevated after both Sham (O,) 
and butyric acid (O,,,) treatment. Preening increased over pretest 
levels in all birds at the 50 nmol dose; O, values in all groups are set 
at zero and dose values expressed as changes over pretest levels in 
order to better illustrate this peak. Vertical bars represent pooled 
standard deviations. 
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appeared most pronounced in roosters, and was accom- 
panied by copious salivary secretion similar to that noted in 
cats [7] after dbcAMP administration. Reaction to injection 
occurred almost instantaneously, within 60 seconds, and last- 
ed for 8 to 120 minutes depending on dose and individual 
sensitivity. These reaction latencies and durations are com- 
parable to those previously reported for both chicks [1] and 
adult fowl [17]. 

Analysis of the tapes and sonograms from Experiment | 
indicated that vocalizations given by hens prior to adminis- 
tration of dbcAMP were predominantly ‘‘ku-calls’’ ({15]; 
also designated ‘‘freundlicher Randordnungslaut’’ [2]) and 
‘laying calls’’ ({15]; “‘Gackeln”’ [2]), which appear to be two 
structurally extreme forms of a continuous graded signal 
[15]. Vocalizations given after 225 nmol injection also con- 
tained many elements of the typical laying call (Fig. 2.1), but 
these elements displayed many irregularities, incorporating 
unusual low frequency bands (Fig. 2.2) and high frequency 
peaks (Fig. 2.3), as well as elongated intervals between ele- 
ments. Some of the high frequency peaks appeared to be 
similar to those of the ‘‘type 1 warning call’’ ({15]; ‘‘Kleines 
Gackern”™ [2] or “‘Angstgackern”’ [12]), although lacking the 
call’s characteristic regularity. Other calls more clearly con- 
tained elements of the ‘“‘type 1 warning call’’ (Fig. 2.4). In 
some sonograms, elements showed a clear degeneration or 
were reduced to a short, repetitive ‘“‘cluck’’ (Fig. 2.5). Lay- 
ing calls are normally given prior to egg laying, but may also 
be heard when a hen is placed in social isolation [2]. While it 
is therefore possible that laying calls were evoked in Exper- 
iment | by placement of hens in visual isolation in the record- 
ing chamber, an average of 97% of vocalizations given by 
hens in their home cages in Experiment 2 were also judged to 
be laying calls of high intensity. Laying calls were also given 
by male birds after injection in this experiment, although 
they made up a more variable percentage of total calls (S- 
95%), with the remainder of calls mainly ‘“‘clucks’’ and warn- 
ing calls. The dbcAMP-induced laying call is apparently dis- 
associated from the nest-seeking behavior which normally 
accompanies it, since only one hen was observed to visit the 
nestboxes in Experiment 3, and only after a dose of 225 
nmol. The eliciting stimulus for, and the function of, the 
laying call in normal rooster behavior is unclear, but the call 
may be associated with aggressive activity or the expression 
of subordinate status [2,15]. Crowing was never recorded in 
roosters or implanted capons after dbcAMP injection, al- 
though this vocalization is known to be elicited by endoge- 
nous or exogenous testosterone. 

Significantly, type | warning calls appear to be the basic 
pattern produced by electrical stimulation of various brain 
loci in fowl, particularly the archistriatum and areas ven- 
tromedial to the inferior colliculus and ventral to nucleus 
ovoidalis [18]. Stimulation of these areas also reliably causes 
the performance of some of the same behaviors elicited by 
dbcAMP, most notably escape behavior and circling [18]. It 
seems probable that the marked abnormalities and degener- 
ation of call elements noted after dbcAMP administration, 
particularly the ‘‘hoarse’’ or low frequency sounds, resulted 
from relaxation of the syringeal membrane. In this regard it 
is interesting that pen mates in Experiment 3 displayed no 
apparent orientation or alerting responses to calls given by 
an injected hen or rooster. Since the type 1 warning call 
serves as a Signal to the flock of the presence of a ground 
predator at a distance or a novel object in the environment 
[15], this suggests that calls may contain too many abnormal 
elements to be clearly recognized by flockmates. 
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With respect to normal maintenance behaviors in Exper- 
iment 2 (Fig. 3), high pretest variability made statistical 
analysis of disruption of ongoing activity difficult. The dura- 
tion of ingestive behavior tended to decrease, however, with 
the largest decrease in feeding activity occurring in hens as 
compared to capons, F(1,40)=4.32, p<0.05. Drinking, how- 
ever, tended to be slightly elevated in both the sham and 
butyric acid conditions, possibly as a result of handling. Rest- 
ing also tended to decline in all groups, but significantly 
more so in capons, F(1,40)=6.70, p<0.05, and implanted 
capons, F(1,40)=9.90, p<0.01, than in roosters or hens. The 
differences found in resting and feeding are probably at- 
tributable to the leg deformation induced by caponization, 
which appeared to cause both increased resting and de- 
creased activity at the feeder in non-injected animals. The 
duration of preening changed significantly after infusion, 
F(4,40)=2.78, p<0.05, increasing in all birds at the 50 nmol 
dose. Heightened preening activity at this dose was unex- 
pected, but may have been a consequence of the ther- 
mogenic effect of central dibutyryl cyclic AMP administra- 
tion in both birds and mammals [5, 7, 17, 18]. In fowl, core 
temperature may increase by as much as 2.2°C after 
intrahypothalamic infusion [17]. Birds were sometimes ob- 
served to pant and assume a typical thermoregulatory 
posture, with feathers erected and wings slightly elevated, 
and combs and wattles were found, at least approximately 2 
minutes after injection, to be cold and pale in color, indica- 
tive of peripheral vasoconstriction. Piloerection and panting 
also occur in cats after dbcAMP administration [7]. 

It is now established that cyclic AMP not only functions 
as the “‘second messenger’’ for hormones in peripheral tis- 
sues, but also mediates the postsynaptic actions of central 
neurotransmitters, in particular norepinephrine and 
dopamine. The postulated mechanism of action of cyclic 
AMP in neural tissue is via activation of a kinase which phos- 
phorylates proteins in the membrane of the postsynaptic cell, 
leading to changes in ion conductance and consequent mem- 
brane hyper- or depolarization [8]. Administration of cyclic 
AMP or its analogs to neuronal populations should therefore 
mimic the effects of the putative neurotransmitter; this phe- 
nomenon has been demonstrated most clearly in cerebellum, 
where cyclic AMP, norepinephrine, and electrical stimula- 
tion of afferents from the locus coeruleus all cause a de- 
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crease in the spontaneous firing rate of Purkinje cells [3]. 
Studies utilizing central administration of cyclic AMP to in- 
tact animals, however, have produced somewhat more 
anomalous results. While in general the effects of the cyclic 
AMP analog dbcAMP in mammals and birds is excitatory 
[6], intraventricular injection in mice causes decreases in 
locomotion and sedation [9,16]. More suprisingly, intraven- 
tricular or intrahypothalamic infusion of cyclic AMP to fowl 
after administration of a phosphodiesterase inhibitor results 
in behavioral and electrocortical sleep rather that the arousal 
produced by the dibutyryl derivative [17]. These dichotom- 
ous effects of cyclic AMP and its dibutyryl analog, which 
have not been reported in mammals, apparently do not result 
from the activity of the metabolic breakdown product of 
dbcAMP, butyric acid, which had no quantifiable effects on 
behavior in the present study. The identity of the first mes- 
senger in the avian brain with respect to these effects is also 
uncertain. A wide variety of agents in a range of doses have 
been administered to hens intraventricularly in our labora- 
tory, including 0.001-5 yg luteinizing hormone releasing 
hormone [13], 25, 50, and 100 ug serotonin, norephineph- 
rine, and dopamine [11,21], 50 nmol acetylcholine HCI [11], 
and 25, 100, 200, and 400 ng cholecystokinin (unpublished 
observations), and in no case were these observed to induce 
vocalization or escape behavior. Implantation of pimozide 
into the third ventricle [14,20], destruction of the norad- 
renergic system by _ intraventricular injection § of 
6-hydroxydopamine, or the combination of both treatments 
[20] were also never accompanied by behaviors similar to 
those seen after dbcAMP administration. Because of the 
large number of putative neurotransmitters, further investi- 
gation will be necessary to establish the precise role of cyclic 
AMP in the avian brain and its synergism with hormones like 
testosterone in affecting behavior. 


ACKNOWLEDGEMENTS 
We would like to thank Nicholas Szabo, Jr. and Eliot Brenowitz 
for providing technical assistance, Franciska Meysser and Paul M. 
Schenk at Wageningen for their analysis of taped vocalizations, D. 
W. Folsch for his kindness in coordinating the analysis of tapes and 
sonograms, and Teresa Ferrara for typing this manuscript. 


REFERENCES 


. Asakawa, T. and H. Yoshida. Studies on the functional role of 
adenosine 3’,5’-monophosphate, histamine and prostaglandin 
E, in the central nervous system. Jpn J Pharmacol 21: 569-583, 
1971. 

. Baumer, E. Lebensart des Haushunhs, dritter Teil-iiber Seine 
Laute und allgemeine Ergangzungen. Z Tierpsychol 19: 394- 
416, 1962. 

. Bloom, F. The role of cyclic nucleotides in central synaptic 
function. Rev Physiol Biochem Pharmacol 74: 1-104, 1975. 

. Brus, R., Z. S. Herman and F. Kostman. Behavioral effects of 
norepinephrine and dibutyryl cyclic 3’,5'-AMP in centrally 
sympathectomized rats. Pharmacol Biochem Behav 2: 719-724, 
1974. 

. Clark, W. G., H. R. Cumby and H. R. Davis. The hyperthermic 
effect of intraventricular cholera enterotoxin in the unanaesthe- 
tized cat. J Physiol 240: 493-504, 1974. 

. Daly, J. Cyclic Nucleotides in the Nervous System. New York: 
Plenum Press, 1977. 


7. Gessa, G. L., G. Krishna, J. Forn, A. Tagliamonte, and B. B. 
Brodie. Behavioral and vegetative effects produced by dibutyryl] 
cyclic AMP injected into different areas of the brain. Adv 
Biochem Psychopharmacol 3: 371-381, 1970. 

. Greengard, P. Possible role for cyclic nucleotides and phos- 
phorylated membrane proteins in postsynaptic actions of neuro- 
transmitters. Nature 260: 101-108, 1976. 

. Henion, W. F., E. W. Sutherland and T. Posternak. Effects of 
derivatives of adenosine 3’ ,5’-phosphate on liver slices and in- 
tact animals. Biochim Biophys Acta 148: 106-113, 1967. 

. Hillman, P. E., N. R. Scott and A. van Tienhoven. Impact of 
centrally applied biogenic amines upon the energy balance of 
fowl. Am J Physiol 232: R137-R144, 1977. 

. Hillman, P. E., N. R. Scott and A. van Tienhoven. Effect of 
5-hydroxytryptamine and acetylcholine on the energy budget of 
chickens. Am J Physiol 239: RS7-R61, 1980. 





. Huber, A. and D. W. Félsch. Akustische Ethogramm von 
Huhnern. Die Auswirkungen verscheidener Haltungssysteme. 
In: Tierhaltung, vol 5. Basel: Birkhauser Verlag, 1978. 

. Johnson, A. L. and A. van Tienhoven. Hypothalamo- 
hypophyseal sensitivity to hormones in the hen. II. Plasma con- 
centrations of LH, progesterone, and testosterone in response 
to peripheral and central injections of LHRH or testosterone. 
Biol Rep 25: 153-161, 1981. 

. Johnson, P. A., A. van Tienhoven and J. Friedlander. Role of 
the dopaminergic system in luteinizing hormone release and 
ovulation in the hen. Poult Sci 60: 2551-2556, 1981. 

. Konishi, M. The role of auditory feedback in the vocal behavior 
of the domestic fowl. Z Tierpsychol 20: 349-367, 1963. 

. Leonard, B. E. Effect of phentolamine on the increase in brain 
glycolysis following the intraventricular administration of 
dibutyryl-3',5’-cyclic adenosine monophosphate and sodium 
fluoride to mice. Biochem Pharmacol 21: 115-117, 1972. 


MENCH E£T AL. 


. Marley, E. and G. Nistico. Effects of catecholamines and 


adenosine derivatives given into the brain of fowls. Br J Phar- 
macol 46: 619-636, 1972. 


. Phillipp-Dormston, W. K. and R. Siegert. Fever produced in 


rabbits by N?,O?’-dibutyryl adenosine 3',5’-cyclic monophos- 
phate. Experientia 31: 471-472, 1975. 


. Phillips, R. E., O. M. Youngren and F. W. Peek. Repetitive 


vocalizations evoked by local electrical stimulation of avian 
brains. I. Awake chickens (Gallus gallus). Anim Behav 20: 
689-705, 1972. 


. Rowe-Murphy, D. L., A. van Tienhoven, N. R. Scott, P. E. 


Hillman, C. L. Wood, A. L. Johnson and W. S. Schwark. Ef- 
fects of 6-hydroxydopamine and pimozide on temperature main- 
tenance by the chicken. Am J Physiol 239: R296—-R302, 1980. 


. Scott, N. R. and A. van Tienhoven. Biogenic amines and body 


temperature in the hen Gallus domesticus. Am J Physiol 227: 
1399-1405, 1974. 





Physiology & Behavior, Vol. 37, pp. 489-493. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 


003 1-9384/86 $3.00 + .00 


BRIEF COMMUNICATION 


A Technique for Repeated Sampling 
of CSF From the Anesthetized Rat’ 


SANDRA P. FRANKMANN? 
Department of Psychology, NI-25, University of Washington, Seattle, WA 98195 


Received 29 July 1985 


FRANKMANN, S. P. A technique for repeated sampling of CSF from the anesthetized rat. PHYSIOL BEHAV 37(3) 
489-493, 1986.—A method for repeatedly sampling cerebrospinal fluid (CSF) from anesthetized rats is described. The 
technique reliably and quickly yields blood-free samples of CSF and requires supplies that are commonly available. 
Samples as large as 250 wl can be collected in a few minutes. There is no apparent malaise even when CSF is withdrawn 
once every three days for two weeks. This technique offers an alternative to surgical cannulation for sampling of CSF from 


the rat. 
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THE role of the cerebrospinal fluid (CSF) as a transport 
medium for biologically and behaviorally active hormones, 
drugs, and other such substances has become increasingly 
evident over the past decade [9,13]. Experimental ap- 
proaches to the study of CSF-borne substances include ad- 
ministration of exogenous substances into the CSF and 
measurement of endogenous substances within the CSF 
[17,25]. Dogs, sheep, primates and rats have frequently been 
chosen as the subject of behavioral experiments in which 
substances are introduced into the CSF [3, 17, 22, 25, 26]. 
However, when the concentrations of substances within the 
CSF were measured, rats have been less frequently chosen 
as the subject especially when repeated measurements from 
the same animal were desired [17,25]. The problem has been 
due in part to the rat’s small volume of CSF and also to the 
relative inaccessibility of the CSF. This is unfortunate since 
much behavioral data has been collected on the rat. With the 
advent of improved radioimmunoassay techniques it has be- 
come feasible to measure accurately low concentrations of 
biologically active molecules in small sample volumes [27]. 
Thus, the small sample volume of CSF normally obtainable 
from the rat is now sufficient to accurately determine con- 
centrations of many neuroactive molecules. 

Techniques for sampling CSF from the rat have also im- 
proved. In 1975, Johnson and Epstein [11] described a tech- 
nique for sampling CSF from the cisterna magna of the rat. 
The procedure involves the removal of the musculature over- 
lying the atlanto-occipital membrane. This membrane, which 
lies between the base of the occipital bone and the first cer- 





vical vertebra, forms a window over the cisterna magna. 
Once visualized, this pool of CSF is sampled by needle and 
syringe aspiration. A similar technique has been described 
for perfusion of the ventricles where inflow is through a lat- 
eral ventricular cannula and outflow is through a 22 gauge 
needle which has been inserted into the cisterna magna [18]. 
A major drawback of these procedures is that the rat is sac- 
rificed following collection of the CSF, thus it is not possible 
to obtain repeated samples from the same rat. 

Recently, investigators have devised more elegant tech- 
niques, involving surgically implanted cannulae that allow 
repeated sampling of CSF from awake rats [1, 12, 14, 15, 21]. 
This technique is of special value when substances such as 
catecholamines and GABA, which are extremely sensitive to 
stress or anesthesia, are under investigation [7, 17, 24, 25]. 
These cannulae, however, are characterized by a limited du- 
ration of patency and furnish variable, often small, volumes 
of CSF [1, 8, 12, 15, 19]. Maximal patency is achieved when 
sterile procedures are used and the cannula is sampled from 
on a daily basis, beginning at least 48 hours after implanta- 
tion [17]. Otherwise, scar formation at the locus of the tissue 
being sampled from interferes with the cannula patency [17]. 

When anesthesia is not an impediment to the purpose of 
the experiment, such as when CSF sodium concentration is 
of interest, CSF collection by the technique described in this 
report may be preferable. This technique does not necessi- 
tate implantation of a cannula or potential consequences 
such as tissue damage [4,5] or infections [8,19]. It is fast, 
minimally invasive and consistently yields large volumes of 
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FIG. 1. Schematic illustration of the CSF collection apparatus with the rat mounted in 


the stereotaxic instrument. 


blood-free CSF. Repeated sampling, which allows the rat to 
serve as its own control, is possible with no apparent ill ef- 
fects. The procedure combines the technique of Johnson and 
Epstein [11] with that of an earlier technique for measuring 
CSF pressure [10]. By taking advantage of the differences in 
resistance to negative pressure between the muscle tissue 
and the CSF fluid, removal of the musculature overlying the 
cisterna magna is avoided, and the CSF is sampled without 
direct visual confirmation of the location of the cisterna 
magna. 


METHOD 


Materials 


A Kopf (Tijunga, CA) model No. 900 small animal 
stereotaxic instrument is adapted with a Kopf No. 925 swivel 
mount which allows the *‘U’’ frame and ear bars to be held 
approximately 15 cm above the table surface (Fig. 1). It is 
critical to have a worm gear-driven anterior-posterior (A-P) 
drive (Kopf No. 960 three-dimensional electrode manip- 
ulator). To allow the CSF-collection needle to be horizon- 
tally oriented, a modified electrode carrier with a 90 degree 
bend at the distal end is used (Fig. 1). Alternatively, the 


CSF-collection needle can be attached to the standard car- 
rier so as to achieve the same orientation. 

The CSF-collection apparatus is constructed of a 1 ml 
syringe; PE-10, PE-50, and PE-90 polyethylene tubing; 30 ga 
disposable needles; distilled water; and a 100 ul collection 
pipette (see Fig. 2 for illustration). At one end of a 60 mm 
length of PE-10 tubing, a heat flange is made and the blunt 
end of a 30 ga needle (removed from its hub) is inserted 
approximately 2 mm into the lumen of the PE-10 tubing. To 
facilitate transfer of the CSF-collection line from the syringe 
to the 100 yl collection pipette, a collar of 5 mm PE-50 within 
5 mm of PE-90 is slipped over the free end of the PE-10 
tubing. The sharp end of a second 30 ga needle, with its hub 
still attached, is inserted into the lumen of this end of the 
PE-10 tubing. The | ml syringe, filled with distilled water is 
fitted to the 30 ga needle. The completed collection appara- 
tus is then flushed with distilled water to insure patency and 
to check for leaks. 


Procedure 


The free end of the CSF-collection apparatus is mounted 
in the electrode carrier with the lumen of the needle facing 
up. The heat flange is ahead of the collar, and the portion of 
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FIG. 2. Detailed illustration of the CSF collection apparatus. 


the PE-10 tubing containing the 30 ga needle is firmly 
clamped. A small air bubble (extending | cm behind the 
needle) is created by withdrawing very gently on the syringe 
plunger (Fig. 2). This provides a barrier of air between the 
CSF and the distilled water. 

Using the three worm gear drives, the needle is aligned in 
the midsagittal plane at ear bar zero (see Fig. 1). All subse- 
quent movements of the electrode carrier are confined to the 
A-P and dorsal-ventral (D-V) worm gear drives. The A-P 
worm gear drive is then used to move the needle 
posteriorally and the electrode carrier is temporarily rotated 
away from the ‘‘U’’ frame. 

The area between the shoulders and below the skull of an 
anesthetized rat is shaved. Anesthetic agents such as sodium 
pentobarbital, chloropent, ketamine and ether have all been 
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successfully used with this technique (unpublished observa- 
tions). The use of halothane has been less successful, 
primarily because of a sluggish and sporadic flow of CSF. 
The rat is centered in the stereotaxic instrument, placing the 
tooth bar at its lowest position to maximize dorsoflexion and 
thus expose maximally the surface area of the atlanto- 
occipital membrane. 

A small (less than 5 mm is sufficient) midsaggital incision 
is made through the skin, paralleling the midline at about 7 
mm below the occipital crest. The electrode carrier is rotated 
back into position. The A-P and D-V drives are used to posi- 
tion the CSF-collection needle so that it is just resting on the 
skull at the level of the occipital crest and the D-V position 
is noted. By advancing ventrally a distance of 6.8 mm from 
this position the location of the cisterna magna is closely 
approximated for most rats weighing between 225 and 350 
g. The needle is then moved posteriorally a distance suffi- 
cient to clear the head, and using the D-V drive, the needle is 
lowered to the calculated location of the cisterna magna 
(Fig. 1). 

The needle is advanced towards the cisterna magna using 
the A-P worm gear drive. If the skin incision does not coincide 
with the point of entry, it is gently moved until it does. When 
the needle has been sufficiently advanced such that the 
lumen is entirely within the muscle, the syringe plunger is 
pulled back. More pressure than was initially used to create 
the air bubble at the tip is necessary to see the air bubble 
begin to travel toward the collection syringe. The air bubble 
does not travel far, even with greater withdrawal pressure, 
because of the resistance of the muscle. The needle is ad- 
vanced slowly, while gentle negative pressure is maintained 
with the syringe. The distance that the needle must be ad- 
vanced before the cisterna magna is encountered varies 
widely from rat to rat (S-9 mm). When the air bubble begins 
to move toward the syringe, needle advancement is stopped. 
CSF will follow the air bubble into the PE-10 tubing. Gentle 
negative pressure may be used to continue the flow of CSF. 
Once the air bubble has entered the collection syringe, the 
collection line is removed from the syringe and inserted into 
a 100 wl pipette (see Fig. 2). By positioning the pipette below 
the rat, the continued flow of CSF will be aided by gravity. 
When sufficient CSF has been collected (the collection line 
contains a significant volume of CSF) the needle is with- 
drawn from the head by using the A-P worm gear drive. 
Collection of 100 ul generally takes from 3 to 12 minutes. 

The CSF samples are normally free of contamination by 
blood or muscle tissue (unpublished observations). Occa- 
sionally, in attempting to sample CSF, the collection needle 
will encounter bone or blood instead of the cisterna magna. 
In this event the needle is withdrawn, flushed, the D-V posi- 
tion adjusted to a point slightly above or below the initial 
entry point, and the process is repeated. 

The collected CSF is sealed in the collection pipette with 
critoseal or transferred to another container for storage. The 
skin incision may be sutured, or if small enough, the edges 
simply pressed together. Following each collection, the 
entire collection apparatus is flushed with distilled water and 
a new air bubble created. 

This technique has been used successfully to document 
differences in CSF immunoreactive insulin levels between 
obese and lean Zucker rats and Wistar rats under free- 
feeding and fasting conditions [20]. Similarly, changes in the 
concentration of sodium in the CSF following extracellular 
fluid depletions have been documented using this technique 
[6]. 















DISCUSSION 


Sampling of the CSF by the method described is fast, 
reliable and yields large volumes of blood-free CSF. This 
procedure has been used successfully to obtain 100 1 sam- 
ples of CSF as often as once every 3 days over a 2 week 
period (unpublished observations). The rats continued to 
gain body weight and had normal food and fluid intake. 

The production rate of CSF in rats has been estimated to 
be 2.2 l/min [2] and the total volume estimated at 400-550 
pl [14,16]. Thus, 100 4] samples taken as often as once an 
hour should, in theory, be feasible [14]. Repeated sampling 
of small volumes of blood can result in alterations of other 
body fluid parameters [23], the same may be true of concen- 
trations of relevant molecules in the CSF following rapid 
repeated sampling of CSF. Further, the continued produc- 
tion of new CSF may result in a dilution of biologically rele- 
vant molecules in the CSF. 

This technique is unique in that all other reported 
methods of obtaining repeated samples of CSF from the rat 
involve surgical implantation of a cannula. Implantation of a 
cannula allows the investigator the luxury of repeatedly sam- 
pling CSF from the awake, unrestrained rat. When the inter- 
est is in substances which are extremely labile with respect 
to stress and anesthesia, this technique is mandatory [7, 17, 
24, 25]. However, other substances are not as influenced by 
stress and anesthesia and may be profitably measured from 
CSF samples obtained from the anesthetized rat. Some of 
the disadvantages associated with permanently implanted 
cannula include tissue damage [4,5], temporary breakdown 
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of the blood-brain barrier [25], and potential for infection and 
catheter obstruction [8,19]. As Myers [17] has observed, 
maintenance of a chronic CSF sampling in cannula in the rat 
requires constant care, and larger animals are recommended 
when serial samples are desired. 

The procedure developed in our laboratory has been suc- 
cessfully adapted for use with Zucker rats [20]. The skull to 
penetration distance was altered to 6.3 mm for the Zucker 
rats, but the distance remained constant within a weight 
range. Thus, it is suggested that when using different strains 
or weight ranges of rats, the position of the cisterna magna 
first be verified by the method of Johnson and Epstein [11]. 

Implantation of cannulae for CSF sampling has the obvi- 
ous and valuable advantage of allowing the rat to be awake 
and unanesthetized during the sampling procedure. How- 
ever, the patency of these cannulae is often of limited dura- 
tion, possibly due to occlusion of the cannula lumen [1, 12, 
14, 15, 21] and not all substances are sensitive to the stress of 
anesthesia. Hence the investigator may benefit from the ease 
of the technique reported here which facilitates repeated col- 
lection of large samples of blood-free CSF from the rat. 
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KONDO, Y., A. SHINODA, K. YAMANOUCHI AND Y. ARAI. Recovery of lordotic activity by dorsal deafferentation 
of the preoptic area in male and androgenized female rats. PHY SIOL BEHAV 37(3) 495-498. 1986.—Lordotic activity was 
examined in male and neonatally androgenized female rats following dorsal deafferentation of the preoptic area (POA). 
Female pups were injected with various doses (100, 250, 500, or 1000 yg) of testosterone propionate (TP) on day 3 
postpartum. Ten weeks after birth, all animals were castrated, then half of the castrated males and females in each group 
were subjected to dorsal deafferentation of the POA (anterior roof deafferentation: ARD) by using an L-shaped Halasz 
knife in order to transect the dorsal forebrain efferents which are thought to exert an inhibitory influence on the lordosis 
mediating mechanism. Animals were implanted subcutaneously with Silastic tubes containing estradiol-178 (E,). Observa- 
tions of lordosis behavior were carried out 5, 10, and 15 days after implantation of E,. Three to six hours before each 
behavioral test, all rats were injected with 0.5 mg progesterone. Regardless of the dose of TP given neonatally, 
androgenized females, as well as males, showed low levels of lordotic behavior. In contrast, males with ARD and 
androgenized females with ARD displayed lordosis more frequently than males without ARD, and androgenized females 
without ARD. Lordotic activity in the androgenized females with ARD was negatively correlated with the dose of TP given 
neonatally. The ARD females injected with a large dose (1000 ug) of TP neonatally were significantly less receptive than 
those injected with lower doses of TP and ARD males. These results suggest that a large dose of neonatal TP may cause 
permanent changes in not only the neural substrates for lordosis inhibition affected by ARD but also other structures 
involved in lordosis facilitation. 
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IT is now believed that behavioral defeminization of males is lowing neonatal exposure to androgen. 


induced by organizational action of aromatizable androgen 
on the developing rat brain [2, 5, 6, 34]. Female sexual be- 
havior, such as the lordotic reflex, is very rare in male rats, 
even when castrated and treated with large doses of estrogen 
and progesterone. Based on the results that the neural tran- 
section of the dorsal inputs to the preoptic area (POA) en- 
abled male rats to display lordosis behavior [28, 30, 33, 34], 
we suggest that the rare occurrence of lordosis in male rats 
could be due to the development of a strong extra- 
hypothalamic lordosis inhibiting system in the forebrain fol- 
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In the present experiment, the extra-hypothalamic fore- 
brain efferents were interrupted by a half-circle horizontal 
cut in female rats treated with various doses of testosterone 
propionate on day 3 postpartum. Lordotic activity of these 
animals was then tested in order to examine the effect of 
doses of neonatal androgen on the development of neural 
subtrates for lordosis regulation. 


METHOD 


Pregnant Wistar rats were purchased from Takasugi 
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FIG. 1. Schematic representation of surgical cut in mid-sagittal section in the rat brain. Horizontal 
solid black bar indicates location of anterior roof deafferentation (ARD). Abbreviations: AC: anterior 
commissure, AH: anterior hypothalamic nucleus, ARC: arcuate nucleus, CC: corpus callosum, DBB: 
diagonal band of Broca, DM: dorsomedial nucleus, FX: fornix, HCP: hippocampus, LS: lateral septal 
nucleus, MB: mammillary body, OC: optic chiasma, PIT: pituitary, POA: preoptic area, PV: paraven- 
tricular nucleus, SC: suprachiasmatic nucleus, VM: ventromedial nucleus. 


CONTROL 


— 


ARD 


LORDOSIS QUOTIENT (LQ) 
& S 


8 





ann i 








10 15 5 10 15 

DAYS AFTER IMPLANTATION OF ESTROGEN 
FIG. 2. Mean lordosis quotients (LQs) in 3 successive tests after 
implantation of E, on rats with or without anterior roof deafferenta- 
tion (ARD). Females with ARD (right in the figure) or without ARD 
(control, left in the figure) which had been injected with various 
doses (0-1000 yg) of TP neonatally were subjected to behavioral 
tests after E, implantation at 11 weeks of age. (C1) 0 wg TP, (O) 100 
ug TP, (@) 250 wg TP, (A) 500 wg TP, (A) 1000 ng TP, (@) male. 


Animal Farm, Saitama-ken. Animals were housed under a 
controlled day-night cycle (14:10 hr, light:dark) and tempera- 
ture 24+1.4°C). Female pups were injected with various 
doses (100, 250, 500, and 1000 yg) of testosterone propionate 
(TP; Sigma, dissolved in 0.05 ml sesame oil) subcutaneously 
on day 3 postpartum. Males and females without TP injec- 
tions were also used in the experiments. Litter size was ad- 
justed to eight pups. All pups were weaned on day 24 
postpartum. Vaginal smears were taken on day 49 
postpartum in order to confirm the acyclic secretory pattern 
of gonadotropic in androgenized females. 

Ten weeks after birth, all animals were castrated under 
ether anesthesia. Thirty-three TP-injected females and 7 
males were subjected to dorsal deafferentation of the POA. 
An L-shaped Halasz knife having horizontal blade of 2.5 mm 
was lowered into the brain through the sagittal sinus to the 
level just above the anterior commissure and was rotated 
180° anterohorizontally (anterior roof deafferentation: ARD, 
see Fig. 1) in order to remove the forebrain lordosis inhibit- 
ing influences. Another 36 castrated and androgenized 
females, 6 castrated females, and 8 castrated males received 
no brain surgery. These animals served as androgenized 
female and male controls, respectively. 

One week after the operation, all animals received sub- 
cutaneous implantation of two Silastic medical-grade tubings 
(3 cm in length, 1.57x3.18, i.d.xo.d.; Dow-Corning No. 
602-285) containing estradiol-178 (E.; Sigma) [7]. Behavioral 
tests were carried out 5, 10, and 15 days after implantation of 
E,. In each test, all animals were injected with 0.5 mg 
progesterone (Sigma, dissolved in 0.1 ml sesame oil) sub- 
cutaneously 3-6 hr before the observation. In the behavioral 
test, each experimental animal was placed in a transparent 
observation cage with 3 sexually vigorous males. The obser- 
vation was terminated when a subject had been mounted 10 





LORDOSIS MECHANISMS IN ANDROGENIZED RAT 


times by these males. A lordosis quotient (LQ), the ratio of 
lordosis responses to 10 mounts times 100, was calculated 
for each animal. At the end of the test series, all animals 
were killed. Each brain was removed and fixed in 10% for- 
malin solution. Then, frozen sections with cresylecht-violet 
stain were made in order to determine the precise localiza- 
tion of the cut in the brain. 

For statistical analysis, the LQs were arc sin transformed 
(sin-' V p and subjected to an analysis of variance and 
Newman-Keuls test (Studentized range statistics), for com- 
parison between each group. For the relationship between 
the doses of TP and the values of LQ, regression analysis 
and Student’s f-test were used. 


RESULTS 


The mean LQs in each group are shown in Fig. 2. All of 
the 6 female control (without ARD) rats displayed consis- 
tently high levels of lordosis behavior throughout three tests. 
In contrast to the female rats, only 2 out of 8 male control 
(without ARD) rats showed a lordotic response. The mean 
LQ in each test was very low. In androgenized control 
groups (without ARD), the incidence of lordotic responses 
during a series of tests was also low, and comparable to that 
in males. In the third test, 5 out of 10 females injected with 
100 xg TP on day 3 postpartum, 5 of 10 injected with 250 ug 
TP on day 3, 3 of 9 injected with 500 wg TP on day 3, and 3 of 
7 injected with 1 mg TP on day 3 exhibited lordosis behavior 
and their mean LQs were 32.0+12.8, 17.0+8.8, 16.7+9.0, 
and 20.0+ 12.1, respectively, F(4,39)=1, ns. In ARD groups, 
however, the scores of LQ were significantly higher than 
those of the animals without ARD. For the males with ARD, 
6 of 7 displayed lordosis; the mean LQ was 77.1+ 13.4 in the 
third test. For the androgenized females, ARD also poten- 
tiated the display of lordisis. All 33 of the androgenized 
females with ARD, except for one rat injected with 500 ug 
TP on day 3, exhibited high lordotic activity. The mean LQs 
of ARD females androgenized with 100 ug TP, those with 
250 wg TP, those with 500 wg TP and those with 1000 wg TP 
were 95.6+4.4, 88.9+3.5, 73.3+13.6 and 56.7+11.2 at the 
third test, respectively, F(5,40)=5.23, p<0.001. These mean LQs 
were negatively correlated with the dose of TP given 
neonatally. During a series of 3 tests, the mean LQs of the 
ARD androgenized females decreased depending on the in- 
crease in dose of TP given neonatally (first test, regression 
coefficient (rc)=—.047, 1(31)=8.74, p<0.01; second, 
re=— .034, #(31)=6.32, p<0.01; third, re= — .036, 1(31)=6.86, 
p<0.01, regression analysis) (see Fig. 2). 

Body weights of androgenized control females (treated 
with 100, 250, 500, or 1000 wg TP neonatally) were signifi- 
cantly heavier than those of control females, F(1,4)=44.50, 
p<0.001. However, the mean body weights in ARD groups 
were lower than those in androgenized females without 
ARD; they were, instead, comparable to those for female 
controls. According to vaginal smear records, all 
androgenized females showed persistent vaginal estrus be- 
fore castration. Locomotor activities of the ARD animals did 
not seem to differ substantially from those of animals with- 
out ARD, although systematic analysis of the activities was 
not performed in the present experiments. 

Histological examinations showed that ARD was located 
just above or in the anterior commissure and extended from 
the posterior end of the anterior commissure to giant Island 
of Calleja (Fig. 1). Some damage was occasionally observed 
in the septal area in ARD rats. 


DISCUSSION 


In the present study, interruption of the dorsal inputs to 
the POA effectively potentiated the display of high levels of 
lordosis behavior in males and androgenized females. This 
may be due to surgical disinhibition of the forebrain lordosis 
inhibiting influence by ARD [28, 30, 31]. In females, unlike 
males, estrogen and/or progesterone can readily release the 
inhibition [29]. Therefore, the functional difference of the 
forebrain lordosis inhibiting system between males and 
females may be attributed to the degree of resistance to ovar- 
ian hormones. The origin of the forebrain lordosis inhibiting 
influence has not clearly been demonstrated to date. How- 
ever, a possible site of the origin may be in the septal area, 
since destruction or surgical isolation of the septum 
facilitates lordosis in female [12,34], male and androgenized 
female rats [17,33], and electrical stimulation in the septum 
depresses lordotic activity in female hamsters [35]. The 
findings that POA lesions or the medial forebrain bundle 
lesions [11, 12, 22, 23, 27] potentiated lordosis in male or 
female rodents suggests the possibility that the forebrain in- 
hibitory influences pass down through the POA and the me- 
dial forebrain bundle to the lower brain stem [34]. 

Other than the forebrain lordosis inhibiting system, the 
facilitatory role of the ventromedial hypothalamus, espe- 
cially the ventromedial hypothalamic nucleus (VMH), in reg- 
ulating lordosis behavior has been well-established [3, 4, 8, 
18, 20, 21]. Recently, the midbrain [19, 24, 25] and pontine 
central gray [31-33] have also been considered to be neural 
components of the supraspinal mechanism for the lordosis 
reflex. In the present results, the lordotic activity in 
androgenized female with ARD was negatively correlated 
with the dose of TP injected neonatally. This is consistent 
with the findings of Nance et a/l.[14] that septal lesions failed 
to facilitate a lordosis response in females injected neonat- 
ally with a large dose of TP. In the males with septal lesions, 
they illustrated the importance of the temporal relationship 
between septal lesions and chronic exposure to estrogen for 
induction of lordosis [14,16]. This may be because estrogen, 
given shortly after the lesions, blocks or inhibits recovery 
from brain damage in septal lesioned male rats [13]. These 
lesioned males failed to display lordosis without chronic es- 
trogen treatment after the lesions. In the present study, how- 
ever, the ARD males displayed lordosis actively in the ab- 
sence of chronic estrogen exposure. Therefore, the capacity 
of the ARD to facilitate lordosis response in males may be 
different from that of the septal lesions. 

The fact that the lordosis activity of the ARD females 
treated with 1 mg TP neonatally was significantly lower than 
that of ARD males suggests that these androgenized females 
are highly defeminized (supermales), compared to normal 
males. Since the suppressive effect of neonatal androgen on 
lordotic activity persisted after surgical removal of the fore- 
brain inhibitory system by ARD, the disruption of the lor- 
dosis mediating neural mechanism in _ these highly 
androgenized females may be much greater than that in the 
androgenized females with low doses of TP or in males, ex- 
tending to some neural substrates other than the dorsal fore- 
brain. Thus, a large dose of androgen given neonatally may 
also cause permanent changes in the lordosis facilitating sys- 
tem in which the VMH and mesencephalic or pontine central 
gray are actively involved. In this regard, it is interesting to 
note that the nuclear volume and neural inputs and outputs 
of the VMH were found to be sexually dimorphic and these 
sex differences are dependent on organizational action of 
androgen [1, 9, 10, 26]. 
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OSBORNE, B. Behavioral and adrenal responses and meal expectancy in rats with fornix transection. PHYSIOL BEHAV 
37(3) 499-502, 1986.—The behavioral and corticosterone responses of control rats and rats with fornix transections were 
examined during eating sessions and when consummatory behavior was blocked but cues controlling the behavior were 
maintained. Rats with fornix transection exhibited increased frequencies of eating, trips away from the food cup, and 
exploration, but decreased durations of these behaviors, and differential organization of behavior during eating and blocked 
eating sessions. Control rats exhibited increased corticosterone levels to blocked eating; fornix transected rats did not. The 
groups did not differ on basal corticosterone levels or hormonal responses to deprivation, and neither group exhibited 
conditioned hormonal responses to repeated sampling. The results indicate that contro] rats, but not rats with fornix 
transection, respond to the violation of an expectation with increased corticosterone levels. 
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THE hippocampus is known to be involved both in activat- 
ing pituitary-adrenal responses and as an uptake site for cor- 
ticosterone. Although normal corticosterone elevations to 
stressors are sometimes seen following damage to the hip- 
pocampus or fornix, increased or decreased corticosterone 
responses have also been reported [2, 6, 9, 10, 13, 16, 17]. In 
an attempt to explain these differences, Obsborne, Sivakuma- 
rin and Black [17] suggested that stressors that do not involve 
the hippocampus (for example—ether, electric shock, or 
food deprivation) are those that are concerned with primary 
motivation. Stressors that do involve the hippocampus were 
suggested to have more complex and indirect modes of 
action—stimuli that elicit expectations about motivationally 
significant events or the violation of such expectancies. For 
example, Levine and co-workers [1, 5, 7, 11] have shown 
that the pituitary-adrenal system of normal rats has the po- 
tential to respond bidirectionally when reinforcement con- 
tingencies are changed. Corticosterone levels increased 
when switched to lower levels of reinforcement and de- 
creased when switched to higher levels. These changes were 
interpreted to reflect violations in expectations [11] and were 
not due simply to changes in reinforcement density. Rats 
with damage to the hippocampus or fornix, however, do not 
show normal behavioral or corticosterone responses when 
reinforcement schedules are changed [2,17]. 

More recently, Coover and co-workers have shown that 
corticosterone levels of normal rats were also differentially 
sensitive to cues that signal meal availability [3,4]. The rela- 
tionship between meal expectancy and corticosterone levels 


in normal rats was curvilinear. Corticosterone levels were 
high when cues reflected uncertainty about food availability 
but were low when rats were exposed to cues that reflected 
very high or very low probability of food delivery. 

The purpose of the present experiment was to examine 
the behavioral and corticosterone responses of animals with 
fornix transection to cues that differentially signal food 
availability. 

METHOD 


Eighteen naive male Long-Evans hooded rats, weighing 
200-250 g at surgery, were housed in individual cages in a 
restricted-access colony room under a 12:12 hr light/dark 
lighting schedule (light from 08:00-20:00 hr). Ten rats re- 
ceived total fornix transection, eight served as operated con- 
trols. 

The rats were anesthetized with Nembutal (60 mg/kg) and 
surgery was performed with a scissorlike knife that allowed 
lateral approach to the fornix [17]. For the fornix-transected 
rats, the knife was inserted into position, closed for 30 sec- 
onds, opened and removed; for the operated controls the 
procedure was identical except that the knife remained open 
in position for the 30 sec period. 

Three weeks after surgery, the rats were deprived to 75% 
ad lib body weight and then given 18 daily, 20 min sessions in 
a 40x 80x50 cm chamber. A 10x 104 cm perforated plastic 
food cup containing ten Purina Lab Blocs (approximately 50 
g) was placed in the center of the chamber. The chamber was 
also equipped with environmental supports for exploratory 
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FIG. 1. Behaviors of fornix transected and control rats during the 
ten eating sessions. Top—latency to initiate eating at start of ses- 
sion; middle—amount of food consumed; bottom—difference in eat- 


ing modes as measured by number of food pellets removed from the 
food cup. 
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FOOD PELLETS REMOVED 


behaviors (nose poke box, paper strips and wood blocks). 
For sessions 1-10 and 14-18 the rats were allowed to eat 
from the container; for sessions 11-13 the food was present 
but a perforated plastic cover prevented access. Food con- 
sumption, number of pellets removed from container and 
latency to initiate eating were recorded daily. In addition the 
behavior was videotaped for detailed behavioral analysis on 
eating Day 9 and blocked eating Day 11. 
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Blood samples for corticosterone assay were taken im- 
mediately following eating session 9 and blocked eating ses- 
sion 11. To control for the possible contaminating effects of 
experience with Day 9 sampling on Day 11 corticosterone 
levels, two additional eating samples were taken two days 
apart on eating days 16 and 18. Deprived and non-deprived 
basal samples were taken on Days 21 and 37, respectively. 
For all samples, the rat was removed from the apparatus or 
home cage, the tail nicked and the blood sample taken within 
2 min. Session times (between 11:00 and 19:00 hr) remained 
constant for individual rats throughout the experiment and 
were counterbalanced across groups. The samples were as- 
sayed for corticosterone by the corticosteroid binding globu- 
lin assay [17]. 

At the end of the experiment, the rats were overdosed 
with Nembutal, the brains were removed, fixed in 10% for- 
malin, embedded in gelatin, frozen, cut in 40 micron coronal 
sections, and fiber stained with hematoxylin. Total fornix 
transections were confirmed in 7 of the 10 rats with fornix 
transections. The data for three rats with incomplete lesions 
(more than 25% of the tissue remaining, unilaterally) were 
not included in the analyses. None of the eight control rats 
received fornix damage. 


RESULTS 


During eating sessions, there were no differences be- 
tween control rats and rats with fornix transections in 
amount consumed, but there were differences between 
groups in their eating behavior. Control rats typically re- 
moved a pellet from the food dish, carried the pellet to a 
particular location, alternated between eating and explora- 
tory behavior, then returned to the food dish to remove an- 
other pellet. Food pellets were not completely eaten before 
additional pellets were taken. This ‘‘hoarding’’ behavior typ- 
ically resulted in several partially eaten pellets being left in 
the eating location at the end of the session. Rats with fornix 
transections also alternated between eating bouts and trips 
around the experimental chamber but food was typically 
eaten from the food container without pellet removal. Con- 
trol rats also tended to be slower to initiate eating in the early 
sessions. 

Data on food consumption, latency to eat and eating 
mode (as measured by number of pellets removed) during 
eating sessions 1-10 are presented in Fig. 1 for both fornix- 
transected and control rats. Analyses of variance of these 
data with lesion and session as the main factors support the 
above description. For amount consumed there was a signif- 
icant effect only for session, F(9,17)=26.2, p<0.001, but no 
effect of lesion or lesion by session interaction, F’s<1. 
Analysis of latency to eat data yielded a significant effect of 
session, F(9,117)=58.9, p<0.001, but the apparently larger 
latencies for control rats were not significantly different from 
those for the lesioned group, F(1,13)=2.6, p>0.05, nor was 
the interaction significant, F<1.0. Analysis of number of pel- 
lets removed, the measure of hoarding behavior, yielded a 
significant effect of lesion, F(1,13)=26.6, p<0.001, but no 
effect of session or lesion < session interaction, F’s<1. 

Data from detailed behavioral analyses of fornix- 
transected and control rats during both asymptotic eating 
(session 9) and blocked eating (session 11) are presented in 
Table 1. The videotape data were scored for frequency of 
eating (or interaction with the food cup during blocked eat- 
ing), frequency of trips away from the food cup, and fre- 
quency of interaction with objects in the environment other 
than the food cup. The duration of each of these behaviors 





FORNIX TRANSECTION AND EXPECTANCY 


TABLE 1 


MEANS FOR DETAILED BEHAVIORAL MEASURES DURING 
EATING (DAY 9) AND BLOCKED EATING (DAY 11) FOR BOTH 
CONTROL AND FORNIX TRANSECTED RATS 





Measure* Control Fornical 





Eating Session (Day 9) 
Frequency of trips away 
from cup 
Trip duration (sec) 
Frequency of eating bouts 
Eating bout length (sec) 


Blocked Eating Session (Day 11) 

Frequency of trips away 
from cup 

Trip duration (sec) 

Frequency of food cup 
interactions 

Duration of food cup 
interactions (sec) 

Frequency of object 
interactions (total) 
a) short duration (<1 sec) 
b) long duration (>1 sec) 

Movement of food cup (inches) 





*Mann-Whitney U statistic used on all measures. 
+ 0.05<p<0.1. 
tp<0.05. 
§p<0.005. 


was also recorded. During the eating session and particularly 
during the blocked eating sesion, rats with fornix transec- 
tions initiated more bouts of behaviors, but these bouts were 
of shorter duration. This generalization holds for all behav- 
iors recorded. 

In addition to these quantitative changes, qualitative 
differences between groups were observed for food cup in- 
teractions during the blocked eating sessions. Control rats 
sniffed, pawed and bit the closed food container with an 
intensity sufficient to move the 300 g food container around 
the experimental chamber. Fornix-transected rats also sniffed 
the container, but the typical interaction involved walk- 
ing over the food cup. The qualitative differences were 
quantified by measuring the actual movement of the food 
cup. As shown in Table 1, control rats moved the food cup 
significantly more than the rats with fornix lesion, U(7,8)=3, 
p<0.001. 

Mean plasma corticosterone levels of rats with fornix 
transections and control rats for the three eating sessions 
(sessions 9, 16 and 18) are presented in Fig. 2B. As is evident 
from the figure, repeated corticosterone sampling had no 
effect on subsequent corticosterone levels; comparable 
conditions led to comparable corticosterone levels for both 
groups of rats. Analysis of variance of these data support this 
description yielding no effect of condition on corticosterone 
levels, F(2,26)=2.0, p>0.05. 

Mean plasma corticosterone levels of rats with fornix 
transections and control rats for all conditions are presented 
in Fig. 2A. Analysis of variance of these data with lesion 
and treatment as the main factors yielded a significant effect 
of condition, F(3,39)=36.3, p<0.001, and a lesion x condi- 
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FIG. 2. Mean corticosterone levels (+standard errors) for fornix 
transected and control rats (A) for all treatment conditions, and (B) 
during the three eating sessions. El, E2, and E3 are samples taken 
following eating sessions 9, 16, and 18, respectively. Individual 
comparisons between treatments are presented at the top of the 
figure. 


tion interaction, F(3,39)=3.9, p<0.05. Both fornix- 
transected and control rats respond to the experimental 
treatments with changes in corticosterone levels but the re- 
sponse profiles differed. 

Further analyses of profile differences were made using 
within group Newman-Keuls comparisons, p<0.05; these 
are summarized at the top of the Fig. 2A. The comparisons 
indicate that both groups responded to deprivation with in- 
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creased corticosterone levels. The control rats also exhibited 
higher corticosterone levels during eating and even higher 
levels during blocked eating. These responses were not seen 
in the rats with fornix transections. The lesioned rats 
tended to exhibit lower corticosterone levels during eating 
than either the blocked eating or deprivation conditions, but 
these differences failed to reach significance. 


DISCUSSION 


The present results offer no support for a conditioning 
interpretation of the corticosterone results obtained during 
blocked eating. Support for such an interpretation would be 
of the form of increased corticosterone levels as a function of 
number of previous samplings. Yet, in the present experi- 
ment, the three eating corticosterone measurements did not 
differ for either control or fornix-transected rats regardless 
of the number of prior samples (1, 2, or 3). The data also 
demonstrate the reproducibility of the corticosterone re- 
sponse under constant environmental conditions and suggest 
that changes in corticosterone levels must then reflect 
changes in environmental stimulation. The possibility of a 
conditioned corticosterone response to the sampling proce- 
dure is not negated, only the likelihood of its occurrence 
under the sampling regime of this experiment. 

The results are consistent with previous reports that show 
the corticosterone levels of normal rats to vary with meal 
expectancy [3,4]. The corticosterone levels were low during 
eating session 9 when cues reflected a very high probability 
of food availability. However, the control rats responded to 
the blocked eating session with increases in corticosterone. 
The response of the rats with fornix transections did not fit 
this interpretation. The lesioned rats did not show the corti- 
costerone elevations as a result of the blocked eating ses- 
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sion. Disruption of the rostral projections from the hip- 
pocampus disrupted the normal corticosterone responses to 
cues reflecting meal availability. 

The results are also relevant to current information proc- 
essing theories of hippocampal function. Hirsh [8] suggests 
that animals with hippocampal damage do not develop ex- 
pectations. O'Keefe and Nadel [14], in contrast, suggest that 
animals with hippocampal damage can exhibit altered or 
normal frustrative responses (the response to the violation of 
an expectation) dependent upon the task and the strategies 
employed. Hippocampally damaged animals are suggested to 
be able to alter their behavior appropriately when all cues 
guiding the behavior are present or when consummatory be- 
havior alone is considered. If, as proposed by Hirsh, hip- 
pocampally damaged rats do not form expectations, they 
should not have responded to the blocked eating session. On 
the other hand, the present task would appear to have met 
the requirements for one in which hippocampally damaged 
rats, according to O’Keefe and Nadel, should have responded 
normally. The results support the interpretation offered by 
Hirsh [8] but not that offered by O’Keefe and Nadel [14]. 

In addition to the differences in the behavior of fornix 
transected and control rats in response to the change from 
eating to blocked eating, a number of other differences be- 
tween groups occurred during both eating and blocked eating 
sessions. Fornix transected rats exhibited more total behav- 
ioral initiations (of all behaviors) but of short durations and 
rapid transitions. These differences are similar to those re- 
ported for hippocampally damaged animals during normal 
feeding behavior [15] and during species typical behaviors 
[12, 18, 19] Osborne and Dodek [15] suggested that differ- 
ences such as these may reflect hippocampal involvement in 
the organization of behavior patterns. 
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SEXUAL behavior dysfunction comprising low sexual 
arousal, apparent shyness or preferences for certain mares 
or handling conditions, extreme aggressiveness, and unex- 
plained disruption of the mating sequence occurs among 
domestic stallions, often without accompanying physical or 
endocrine defects. Dysfunction is frequently linked to nega- 
tive experiences such as painful injury during copulation, 
punishment for showing sexual arousal at “inappropriate” 
times, or rigorous handling and discipline during training for 
performance or breeding [4]. Recent work with pony 
stallions has shown that response-contingent punishment of 
erection together with negative reinforcement of loss of 
erection results in rapid suppression of sexual arousal and 
response similar to spontaneously occurring dysfunction [5]. 

Stallion sexual behavior problems sometimes appear in 
association with a sudden change in environment, such as 
when a stallion is moved from one breeding farm to another. 
The common interpretation of this association is that an un- 
familiar environment may induce fear that interferes with 
arousal or disrupts sexual performance. Relocation of a stal- 
lion involves many other possible factors that might affect 
sexual performance, including changes in nutrition, social 
arrangement, handling and breeding procedure, and stimulus 
mares. Therefore it is difficult in such instances to identify a 





possible cause-effect relationship between novel environ- 
ment and sexual performance. The question has been further 
complicated by the fact that a change in location sometimes 
appears to improve the sexual performance of a stallion. The 
purpose of Experiment | was to study the effect of a novel 
environment on precopulatory behavior of pony stallions. 

Numerous laboratory animal experiments and human 
studies have shown that benzodiazepine derivatives at- 
tenuate the inhibitory effects of a novel environment on eat- 
ing and drinking goal-directed behavior [3]. In stallions, 
diazepam treatment effectively reversed response- 
contingent aversive suppression of precopulatory behavior 
[5]. Experiment 2 was conducted to evaluate the effect of 
diazepam treatment on sexual behavior of stallions in a novel 
environment. 


EXPERIMENT |! 
Method 


Four pony stallions were randomly assigned to two 
groups. Each group was then assigned to one of two “home” 
test environments. These two environments were similar in 
all major aspects except location. After eight trials in the 
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FIG. 1. Erection latencies of four pony stallions in each of eight 
4-minute home trials (HI-H8) and one novel environment trial 
(NOV). 


respective ‘“home”’ test environment, each group was tested 
in the other, or “‘novel,”’ test environment. The home trial 8 
and novel environment test performances were compared 
using related ¢-test procedures [1]. 

The subjects were mature (aged 4 to 13 years), mixed- 
breed, pony stallions, acquired at local auction. Throughout 
this experiment these animals were stabled in individual 
tie-stalls (1.3< 1.5 m) in an unshuttered barn. 

Trials were conducted on a Monday-Wednesday-Friday 
schedule. Each trial consisted of a 4-minute presentation 
under halter to a mare restrained in a stock (approximately 2 
m long, 1 m wide, with solid sides 1 m high) within one of two 
indoor breeding areas (approximately 6X7 m and 10.5x8.5 
m). The two breeding areas were in different buildings on the 
same research farm. The stimulus mares were ovariec- 
tomized estrogen-primed (estradiol cyclopentyl propionate, 
ECP, Upjohn, 1-2 mg/week IM) estrous pony mares. The 
handler, mare, and observer were the same for each stallion 
in the home and novel environments. Precopulatory re- 
sponses were recorded on a time base using a hand-held 
microcomputer event-recorder (Observational Systems, 
Model OS-3). Sniff, lick, and nuzzle frequency, flehmen fre- 
quency, erection latency, erection time, and bite, kick, and 
vocalization frequencies were measured as previously de- 
scribed [5]. 


Results 


As shown in Fig. 1, all subjects had greater erection 
latencies in the novel environment. Mean erection latency 
was greater, #(3)=2.61, p<0.05, in the novel environment 
than in home trial 8. Mean erection time tended to be lower, 
t(3)=1.33, p<0.10, in the novel environment than in home 
trial 8. For sniff, lick, and nuzzle frequency, flehmen re- 
sponse frequency, bite frequency, kick frequency, and vo- 
calization frequency, differences between home trial 8 and 
novel environment test were not significant (p>0.10). 


EXPERIMENT 2 


Four pony stallions were given five home sexual behavior 
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FIG. 2. Mean erection latencies and erection times of pony stallions 
during five 4-minute home trials (H1—HS5) and one diazepam (n=2) or 
saline-treated (n=2) novel environment trial (NOV). 


trials and one novel environment test as described in Exper- 
iment |. Subjects were randomly selected for diazepam 
(n=2) or saline (n=2) treatment for the novel environment 
test. Diazepam treatment consisted of slow (about 4 ml/min) 
intrajugular injection of 0.05 mg/kg (Valium, Hoffmann- 
LaRoche, Inc.) 5 to 10 minutes before the start of the trial. 
Saline treatment consisted of equivalent volumes of saline. 
The handler and observer were blind to diazepam or saline 
treatment condition. 

Subjects were mature (aged 4 to 14 years) mixed-breed 
pony stallions acquired at local auction. Ponies were stabled 
in individual box stalls (approximately 2.5x2.5 m) with other 
stallions in an unshuttered barn, and were maintained on 
hay, grain, and water. Related f-test procedures were used to 
compare home trial 5 and novel environment test values for 
each group. 


Results 


Mean erection latencies and times are shown in Fig. 2. 
Mean erection latency appeared to increase for saline- 
treated subjects, however the difference between home trial 
5 and novel environment test for this measure was not signif- 
icant (p>0.10). For diazepam-treated stallions, erection la- 
tency did not increase in the novel environment. Mean erec- 
tion time for saline-treated subjects tended to be lower, 
t(1)=1.00, p<0.10, in the novel environment test than in 
home trial 5. Diazepam-treated subjects did not show re- 
duced erection time in the novel environment. Similar pat- 
terns between groups were found for sniff, lick, or nuzzle 
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frequency, flehman response frequency, kick frequency, bite 
frequency, and vocalization frequency, but significance was 
not demonstrated. 


GENERAL DISCUSSION 


Results of Experiment 1 indicate a negative effect of 
novel environment on sexual behavior of stallions. Results 
for saline treated subjects of Experiment 2 are consistent 
with this. In rats and mice, both feeding [6] and exploratory 
[3] behaviors are suppressed in a novel environment. The 
present results suggest that sexual behavior may be similarly 
affected by novel environment. The negative effect of novel 
environment might result from two processes. Unfamiliar 
features may induce fear that interferes with sexual response 
or elicit competing escape responses. In addition, the ab- 
sence of familiar objects that have become conditioned 
stimuli or safety signals for arousal may result in lower 
arousal. As early as the third home trial, these stallions 
showed signs of anticipating sexual exposure, including 
penis drop, erection, and characteristic precopulatory vo- 
calization. Although each stallion showed the usual 
anticipatory penis drop or erection when taken from the stall 
on the novel environment test day, it was noted that as soon 
as the alternate path was taken to the novel test location the 
penis was withdrawn and arousal appeared to diminish. 

These experimental results support suggestions derived 
from clinical observations that sexual behavior problems can 
be related to a change in breeding environment. This exper- 
imental novel environment was limited to one factor, breed- 
ing area. In practice, relocation of a breeding stallion would 
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almost always involve an array of novel salient features, 
including physical arrangement, handler, stimulus mare, and 
breeding procedures. 

Novel environments may also have a positive effect on 
goal-directed behavior. In stallions with sexual behavior 
problems, it is not uncommon for the behavior to show 
marked improvement in a novel environment. Perhaps the 
effect of novel environment depends on the quality of the 
familiar environment. For example, breeding stallions often 
develop abnormal sexual behavior under the conditions of 
confinement and regimentation of breeding farms. These 
‘““bored”’ or “‘stale’’ stallions, as they are known, often re- 
spond favorably when moved to a new farm. The positive 
effect of novel environment may be analogous to the well 
studied facilitatory effect of novel mate, known as the 
Coolidge effect [2]. 

Diazepam treatment appeared to block the suppressive 
effects of novel environment on sexual behavior of both 
treated animals. This is consistent with earlier findings that 
diazepam treatment attenuates the suppressive effects of 
aversive conditioning on stallion sexual behavior [5]. 
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SAITO, T. R. AND H. MOLTZ. Copulatory behavior of sexually naive and sexually experienced male rats following 
removal of the vomeronasal organ. PHYSIOL BEHAV 37(3) 507-510, 1986.—The question addressed was whether 
removal of the vomeronasal organ (VNO) of the male rat would produce observable deficits in sexual behavior. Both 
sexually naive and sexually experienced males were used and each animal was given more than 12 hours to mate with a 
receptive female. Although sexual arousal was depressed in both groups, and depressed more among naive than experi- 
enced animals, every male was eventually aroused by the receptive female and eventually ejaculated. We conclude that 
while the VNO contributes to arousal it is not indispensable for arousal. 
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THE vomeronasal organ (VNO) in most mammalian species 
consists of a bilaterally paired tubular structure lying on 
either side of the septum in the ventral portion of the nasal 
cavity. Receptor neurons within the VNO project to the ac- 
cessory olfactory bulbs (AOB) and are anatomically inde- 
pendent of the receptor neurons within the olfactory 
epithelium, which project to the main olfactory bulbs 
(MOB). The AOB and MOB, in turn, give rise to separate 
afferent pathways which terminate in different areas of the 
pyriform lobe and amygdala. From the amygdala, vo- 
meronasal pathways project to the medial preoptic area and 
the ventromedial nucleus of the hypothalamus [11]. 
Compelling evidence has been marshalled recently (e.g., 
[6,12]) showing that the VNO of the male hamster mediates 
the reception of a high molecular weight fraction of the vagi- 
nal discharge of the estrus female hamster. Because this had 
long been suspected, a number of investigators, beginning in 
1975, studied the VNO in relation to the sexual behavior of 
male hamsters as well as male mice. Their thinking was that 
the VNO may be specialized for the reception of relatively 





non-volatile compounds, that one or more of these com- 
pounds are excreted by the estrus female and that their re- 
ception by the male is crucial for sexual arousal, sexual per- 
formance, or both. Here we refer to the work of Powers and 
Winans [10], Powers, Fields and Winans [9], and Winans and 
Powers [13] in the hamster using peripheral deafferentation 
of the VNO, and that of Clancy et al. [5] in the mouse using 
outright ablation of the VNO. Following each type of 
surgery, approximately one half of the animals either failed 
to initiate mounting or failed to reach ejaculation. 

It is surprising that the accessory olfactory system of the 
rat has not been studied in relation to male sexual behavior. 
To be sure, male rats have sustained destruction of the ac- 
cessory olfactory bulbs and disruption of the vomeronasal 
nerves and note has been taken of deficits in arousal, number 
of intromissions, and frequency of ejaculation [3, 4, 7, 8], 
particularly among sexually naive animals [3]. Such lesions, 
however, were made while removing the main olfactory 
bulbs. That is, they were made inadvertently, owing to the 
fact that bulbectomy unavoidably produces accessory- 
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FIG. 1. Experienced males: mean mating performance both prior to and following either removal of the 
VNO or sham surgery. Filled bars represent the experimental animals, blank bars represent the control 
animals. Significance levels were calculated using the Mann-Whitney U test for independent samples and 
the Wilcoxon test for matched pairs. Lines represent+SE. 


system damage [14]. This attendant damage to the accessory 
system tells us little about the accessory system because 
bulbectomy causes widespread central degeneration which 
in itself disturbs a variety of olfactory- and nonolfactory- 
related behaviors [1,5]. 

In brief, we do not know whether lesions confined to the 
rat accessory system, by interfering with the reception of 
selected female chemosensory cues, would produce observ- 
able deficits in male copulatory behavior. 

The aim of the present experiment was to study the sexual 
behavior of male rats from which only the vomeronasal 
organ had been removed. The males used were either sexu- 
ally naive or sexually experienced and each was given more 
than 12 hours to mate. We thought that the naive animals 
might be less aroused than the experienced animals by the 
sight and sound of an estrus female, and when deprived of 
selected olfactory cues through VNO ablation that they 
would show greater sexual impairment. But we also thought 
that the naive animals might perform more poorly only dur- 
ing the first few hours of the mating test and then ‘‘catch up”’ 
with the experienced animals. In the end, whatever differ- 
ences remained might be functionally unimportant. 


METHOD 


We used 28 virgin male Wistar rats that had been raised in 
the authors’ laboratory under a schedule of 12 L:12 D. Upon 
reaching 100-125 days of age, the males were habituated 
individually to large semi-circular observation cages faced 


with Plexiglas. Each male was then given the opportunity to 
mate with a proestrus female on two occasions separated by 
an interval of two weeks. The female, judged to be in 
proestrus on the basis of daily vaginal lavage, was placed 
with the male at the beginning of the dark cycle. During the 
first two hours, standard measures of sexual behavior were 
taken. The pair then remained together for the following 12 
hours, after which the female was lavaged and examined for 
sperm. 

Each male was assigned to either an experimental or con- 
trol group. Those assigned to the experimental group under- 
went surgery for removal of the VNO; those assigned to the 
control group underwent sham surgery. For one half of the 
experimental and control animals the surgery was carried out 
before the animal had the opportunity to mate (surgery- 
mating-mating), while for the remaining one half the surgery 
was interposed between the first and second mating episodes 
(mating-surgery-mating). By manipulating time of surgery in 
relation to first mating we were able to compare the effects of 
VNO ablation on the mating performance of naive and expe- 
rienced animals and, in the case of the naive animals, to 
determine whether their performance improved in the ab- 
sence of the VNO. 

The surgical procedure we used followed the description 
provided by Clancy et al. [5]. This procedure, as determined 
by anterograde transport of intranasally administered horse- 
radish peroxidase, results in total peripheral deafferentation 
of the AOB with extensive sparing of peripheral input to the 
MOB. Briefly, an anesthetized male is laid supine, and silk 
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FIG. 2. Naive males: mean mating performance following either VNO ablation (filled bars) or sham 
surgery (blank bars). Significance levels were calculated using the Mann-Whitney U test for independent 
samples and the Wilcoxon test for matched pairs. Lines represent +SE. 


sutures are tied around its upper and lower incisors to keep 
the mouth open. A midline incision is made in the palate, the 
tissue is retracted, and a hole is drilled at both the anterior 
and posterior points of attachment of the VNO. These 
palatal holes allow removal of the bone to which the VNO is 
attached together with the VNO itself. Males subjected to 
sham surgery are treated identically except that the bone 
and, of course, the VNO are not removed. 

The body weight of each male was recorded at the con- 
clusion of the behavioral testing, after which he was injected 
with sodium pentobarbital and perfused intracardially with 
0.9% saline followed by 10% formalin. The testes, seminal 
vesicles, and prostate were dissected, cleaned, and weighed 
individually. To determine whether the VNO had been 
completely removed, the head was trimmed of soft tissue 
and placed in 10% formalin for 3—4 days and then in a formic 
acid decalcifying solution (25% formic acid with 7.5% sodium 
citrate) for 7-10 days. The decalcifying solution was changed 
twice daily. When the decalcification was complete, the re- 
maining tissue was placed in 10% formalin for 3—4 days, after 
which it was washed with water, embedded in parafin, and 
then sectioned horizontally at 40 um. Staining was done with 
hematoxylin-eosin. 


RESULTS AND DISCUSSION 


Removing the vomeronasal organ of experienced males 
depressed selected aspects of their sexual behavior, as 
shown in Fig. 1. The latency to first intromission and the 


latency to first ejaculation increased significantly as did the 
number of mounts to first ejaculation. In addition, mating 
efficiency, or the so-called “‘hit rate,’’ was lower during the 
two hours of postoperative observation. But the post- 
ejaculatory interval did not increase following surgery and, 
curiously, the number of intromissions to first ejaculation 
decreased. Moreover, every experienced male ejaculated at 
least four times although the mean number of ejaculations 
recorded postoperatively was significantly lower than that 
recorded preoperatively. 

Figure 2 shows the performance of the naive animals. It is 
evident that their sexual behavior was depressed after vo- 
meronasal ablation and, not surprisingly, it was depressed 
more than that of the experienced animals. The naive 
animals exhibited longer intromission (p<0.01) and ejacula- 
tory (p<0.01) latencies than the experienced animals, and 
they required more intromissions to first ejaculation 
(p<0.05). On average, they also had fewer ejaculations (3.5 
versus 5.3). Except for a decrease in intromission latency, 
the naive animals showed virtually no improvement in per- 
formance from the first to the second mating observation. 

During each two-hour observation, two of seven naive 
animals failed to ejaculate, which suggests, at least for a 
subpopulation of males, that the VNO is indispensable for 
mating. But this suggestion would be correct only if failure to 
ejaculate within two hours is taken as evidence of ‘‘indispen- 
sability.’’ If failure to ejaculate within 12 hours is taken as 
evidence, then the suggestion is clearly incorrect: every 
naive animal that did not ejaculate during the first two hours 
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after the female was introduced ejaculated overnight. The 
following morning, sperm was found in the vaginal tract of 
the female and 21 days later the female gave birth. 

Histology confirmed that the entire vomeronasal organ 
had been removed from each experimental male and was 
undamaged in each control male. The surgery did not affect 
either body weight or testicular weight, and it did not signifi- 
cautly reduce the weight of such androgen-dependent organs 
as the seminal vesicles and prostate. 

In summary, the following can be said about the vo- 
meronasal system and copulation in the male rat. First, the 
system contributes to sexual arousal. This is evident in the 
longer intromission and ejaculatory latencies that followed 
surgery in both the experienced and naive groups. Second, 
interrupting the system produces a greater arousal deficit in 
naive males than experienced males. And finally, the vo- 
meronasal system, to qualify what has just been said, is not 
crucial for arousal, not even for a subpopulation of naive 
males. Perhaps the naive male deprived of the VNO over- 
comes the loss of high-molecular-weight chemosensory cues 
by processing other female chemosensory cues through the 
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main olfactory system. And perhaps he is stimulated as well 
by the sight and sound of the female. He certainly sees her 
‘“‘dart’’ and ‘“‘hop,”’ and he undoubtedly hears the 50 kHz 
‘‘call’’ she emits when she acts proceptively [2]. We do 
know that every male in the present study was eventually 
aroused by the female and thereafter ejaculated and fathered 
viable young. But as already mentioned, many required an 
inordinate amount of time to mate, even though they had 
sole access to a receptive female in a confined area. Given 
such long latencies, we should not simply have asked 
whether VNO-ablated animals would show deficits in sexual 
behavior and, implicitly, whether even a subpopulation 
would fail to copulate. Along with Wysocki [14], we also 
should have asked about individual fitness, that is, whether 
males with damaged accessory systems would likely achieve 
the same measure of reproductive success under natural 
conditions as males with intact accessory systems. Consider- 
ing the poor overall performance of our experimental 
animals in a “‘permissive’’ laboratory setting, the answer 
undoubtedly is ‘‘no.”’ 
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BOROWITZ, J. L., C. B. ROESCH AND B. G. ADDISON. Diethylstilbestrol on urinary catecholamines and on food 
intake in castrated male rats. PHYSIOL BEHAV 37(3) 511-513, 1986.—Moderate changes in food intake produced by 
diethylstilbestrol in rats were not well correlated with changes in urinary norepinephrine, vanillylmandelic acid or epineph- 
rine. Apparently moderate dietary restrictions are not capable of decreasing adrenergic activity, and the decreased urinary 
norepinephrine produced by diethylstilbestrol is not associated with decreased availability of dietary precursors. 
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FOOD intake can have a great influence on adrenergic 
mechanisms. In fact, some fatal arrhythmias have been re- 
lated to increased sympathetic activity at the end of a 
therapeutic fast [5,8]. Any alteration in food intake caused 
by drugs may have important effects on adrenergic activity. 

Estrogen administration decreases food consumption [4]. 
Moreover these substances are reported to affect adrenergic 
mechanisms [9,12]. By altering food intake, estrogens could 
initially decrease (due to lack of precursors [3, 6, 7]) and later 
increase (due to refeeding after decreased food intake [8]) 
adrenergic activity. The present study was done to deter- 
mine whether estrogen-induced alterations in eating influ- 
ence adrenergic activity and dictate changes in urinary cate- 
cholamines. 


METHOD 


Male rats (250-350 g) were obtained from Laboratory 
Supply (Indianapolis, IN) and castrated 10 days prior to ex- 
perimental use to minimize endogenous production of sex 
steroids. Food and water were supplied ad lib. Epinephrine 
(E) and norepinephrine (NE) were assayed fluorometrically 
by the method of Anton and Sayre [1] in 24 hr urine samples 
collected in tubes containing 0.4 ml of 5 N HCl. 

Vanillylmandelic acid (VMA), a catecholamine metabo- 
lite, was assayed by a modification of the Sigma assay kit. 





The Sigma kit procedure was changed in that sodium iodate 
was employed as the oxidant. Excess iodate was neutralized 
with metabisulfite. Samples were then acidified with 5 N 
acetic acid prior to extraction. 

Control values of urinary constituents or food intake were 
obtained for each rat for 2 to 3 days. Then diethylstilbestrol 
(DES) was administered SC (12.5 or 125 ug/kg in 1 mi/kg of 
corn oil) at 9 a.m. and again at 9 p.m. Control rats received 
corn oil alone. Urine collections and estimates of food intake 
were begun just after the 9 a.m. dose. Repeated measures 
ANOVA were done on all values from urine samples col- 
lected each day for 3 days. Corn oil-treated controls were 
compared with the two drug-treated groups (5 rats in each 
group). 


RESULTS 


The decline in NE excretion following DES administra- 
tion is illustrated in Fig. 1. The effect is dose related and 
intensifies with time. A repeated measures ANOVA indi- 
cates a significant drug effect [F(2,12)=1.331 day 1, 6.434 
day 2, and 17.748 day 3; p<0.301 day 1, p<0.013 day 2 and 
p<0.001 day 3]. 

Excretion of E over the 3 day period was not influenced 
by DES. Mean control values (+S.E.), 282.9+39.2 ng/24 hr, 
are not significantly different from those obtained after DES 
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FIG. 1. Effect of DES (25 or 250 ug/kg SC) on urinary excretion of NE. See the Method section for 
procedure. Means+S.E.M. are shown for n=5. DES administration significantly decreases urinary NE 
(p<0.001) as indicated by repeated measures ANOVA. 
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FIG. 2. Effect of DES (25 or 250 wg/kg SC) on urinary excretion of VMA. See the Method 
section for procedure. Means+S.E.M. are shown for n=5. DES decreases (p<0.067) 
excretion of VMA as indicated by repeated measures ANOVA. 
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FIG. 3. Effect of DES (25 or 250 yug/kg SC) on food intake. 


Means+S.E.M. are shown for n=4. Injections of corn oil alone had 
no effect on food intake. 


administration (221.9+46.4 with 25 wg/kg and 244.1+21 with 
250 wg/kg DES). 

The effect of DES on VMA excretion was similar to its 
effect on urinary NE. (Compare Figs. 1 and 2). A repeated 
measures ANOVA for the VMA data reveals a dose related 
effect which borders on significance [F(2,12)=1.347 day 1, 


1.953 day 2 and 3.421 day 3; p<0.247 day 1, p<0.184 day 2 
and p<0.067 day 3]. The VMA data are thus supportive of 
the results reflecting a decrease in urinary NE after DES 
injection. 

Food intake was markedly decreased by the larger dose of 
DES (Fig. 3). Appetite did not return to control level until 
day 5 after the 250 wg/kg DES dose. The lower dose of DES 
transiently decreased food intake so that food consumption 
was normal on day 3 after DES injection (Fig. 3). A slight 
rebound hyperphagia on days 5 to 7 after the 25 g/kg treat- 


ment appears to compensate for previously decreased food 
ingestion. 


DISCUSSION 


Both food intake and urinary NE were decreased by the 
doses of DES given in the present study. However, the de- 
crease in urinary NE is more prolonged than the effect on 
food consumption. This is most evident with the 25 yug/kg 
dose of DES where food intake was normal on day 3 after 
DES administration but urinary NE was still depressed. 
Even with the higher dose of DES, food intake returned 
toward control when urinary NE was still at a low level 
(day 3). Appetite suppression by DES therefore does not ap- 
pear to be related to the decrease in urinary NE produced by 
this substance. 

Landsberg and Young [3] found that fasting by intact rats 
for 4 days had minimal effects on urinary NE or E, but 
refeeding the rats with normal rat chow increased NE in 
urine by nearly 200 percent after 2 days. Urinary E was also 
significantly increased by the third day after the start of re- 
feeding. In our studies, which involved only moderate de- 
creases in food intake, recovery of appetite was not associ- 
ated with increased urinary catecholamine. Thus the refeed- 
ing phenomenon, leading to elevated urinary catechola- 
mines, may occur only after severe restriction of food intake. 

If decreased availability of precursors does not explain 
the decreased urinary NE after DES administration, then 
what is the explanation? There are reports to show that DES 
inhibits catecholamine release from isolated bovine adrenals 
[11] and that estradiol inhibits NE release from rabbit 
oviduct [2]. It is likely that DES decreases NE release from 
sympathetic nerve endings and from adrenal medulla and 
that this explains the decrease in urinary NE. 

Why doesn’t DES suppress urinary E as well and NE? 
Afterall, both these substances are released by the same 
exocytotic process. Still, our results show no decrease in 
urinary E after DES. Furthermore, Parvez and Parvez [10] 
found an increase in urinary E in rabbits during pregnancy 
when estrogen levels were high. Urinary NE and VMA how- 
ever, were decreased at this time. It appears that pregnancy 
requires elevated E probably to mobilize nutrients from liver 
and fat pads. Thus any inhibitory effect of estrogen on E 
release in pregnancy may be overcome by other factors 
which respond to nutritional demands. Similarly, any DES- 
induced inhibition of E secretion from adrenal medulla in the 
present study may have been offset by nutritional factors 
which increase E release. 
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FUREDY, J. J. AND D. L. SHULHAN. Effects of respiratory depth and rate on HR and TWA: An indirect assessment of 
the respiratory confound in cognitive task difficulty manipulations. PHYSIOL BEHAV 37(3) 515-517, 1986.— 
Manipulations of respiration depth and rate were performed in order to observe their effects on HR and TWA. The shallow 
breathing conditions were considered respiratorily similar to the conditions existing during the performance of an iterative 
subtraction task. Although significant HR increases and TWA decreases were noted in the deep breathing conditions, the 
changes in the shallow conditions were not of sufficient magnitude to account for the HR increases and TWA decreases 
which have been observed during the performance of subtraction tasks. Therefore it appears that respiratory confounds are 
not responsible for the effects that have been observed in previous studies. 
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ITERATIVE subtraction is a cognitive task that has been 
shown to produce reliable changes in cardiac performance 
measures (e.g., [5]). An apparently convenient way of exper- 
imentally manipulating task difficulty is to vary the rate at 
which the subtractions have to be performed, and the cardiac 
performance variables of acceleration in HR and attenuation 
in T-wave amplitude (TWA) have been shown to vary as a 
function of this form of difficulty manipulation (e.g., [4]). 

However, the possibility of a respiratory confound is in- 
troduced by the fact that the higher-rate iterative subtraction 
task also involves a higher rate of verbalization (in providing 
the answer to each subtraction problem), and, presumably, a 
higher rate of respiration. In other words, differences in 
cardiac performance results may reflect only a respiratory 
artefact (a physiological factor), rather than task difficulty 
itself (a psychological, presumably cognitive, factor). This 
artefactual interpretation has been applied with special force 
to TWA, which, although viewed as a useful and com- 
plementary (to HR) index by some (e.g., [2,3]), is considered 
by others to be invalid and a mere artefact not only of respi- 
ration, but also of HR itself (e.g., [7,9]). The purpose of the 
present study was to shed some indirect light on these issues 
by varying respiration depth and rate, and observing the ef- 
fects on the direction and magnitude of HR and TWA 
changes. 


METHOD 


Respiration depth was varied over two levels (shal- 
low/deep) through instructions. This manipulation was in- 
tended to provide a check on the sensitivities of HR and 
TWA, with the expectation of greater acceleration and at- 
tenuation, respectively, for the deep condition, because of 
the presumed increase in sympathetic drive. In addition, the 
shallow level of the Depth factor provided an arrangement 
that was respiratorily similar to the conditions under which 
the arithmetic task would be presented. The shallow level of 
breathing, in other words, was intended as a cognitive-task 
analogue, because in those tasks verbalization of answers 
requires only shallow breathing at regularly spaced intervals. 

Respiration rate was manipulated orthogonally with 
depth, by having subjects paced by a tone occurring at every 
10 sec (slow), or every 4 sec (fast), with 3 and 6 tones occur- 
ring, respectively, in the slow and fast trials. To provide 
maximal sensitivity, the two respiratory factors were varied 
within subjects, each subject performing the 4 trials in the 
following order: shallow/fast, deep/slow, shallow/slow, and 
deep/fast. 

The subjects were six students, with a mean age of 22.6 
years, who were paid $7 each to participate in an experiment 
on aerobic fitness level and cardiac response to an iterative 
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FIG. 1. HR and T-wave amplitude change scores during 
shallow/deep-fast/slow respiration. 


subtraction task. The respiration trials described in this 
paper were performed at the end of the subtraction-task ex- 
periment. 

The apparatus for picking up the cardiac performance 
measures was the same as that detailed in other HR/TWA 
reports from this laboratory (e.g., [8]). The recording elec- 
trodes were placed bilaterally on the lower rib cage and the 
reference electrode was fastened to the subject’s neck, as in 
Heslegrave and Furedy [5]. The skin was shaved, lightly 
abraded and cleansed with aicohol to ensure a good signal for 
all subjects. Respiration was also monitored (from the elec- 
trodes used to pick up the cardiac changes) to ensure that 
subjects complied with the request to take either deep or 
shallow breaths at the sound of each tone. Subjects appeared 
to comply with these instructions, because a breath was 
noted for each tone, and the requests for shallow and deep 
breaths produced approximate pen deflections of 1 and 4 cm, 
respectively. (Because respiratory amplitude measures are 
completely relative to arbitrary sensitivity settings, compari- 
sons across subjects (and experiments) are impossible. In 
particular, it is not possible to provide meaningful amplitude 
comparisons between the present shallow-breathing condi- 
tion and the arithmetic-task condition in previous studies. 
For what it is worth, the rate of the task conditions approx- 
imated the 6/min rate of the present slow condition. How- 
ever, it is mainly because of the lack of comparability of 
respirations depths across experiments that the present 
study is only an indirect assessment of the respiratory- 
confound problem.) 


RESULTS 


The cardiac variables were measured sec-by-sec for 25 
sec following trial onset, averaged every 5 sec, and ex- 
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pressed as difference scores relative to the mean of a 9-sec 
baseline period immediately preceding trial onset. Figure 1 
shows HR and TWA as a function of the (5-sec) trial Periods, 
and the respiratory Rate and Depth factors. Three-way 
ANOVAs (Speed x Depth Period) were calculated for HR 
and TWA with an alpha level of 0.05. 

For HR, the three-way interaction was significant, 
F(4,20)=7.00, reflecting the unique acceleration/deceleration 
cyclic pattern of the deep-slow condition, which shows a 
10-sec cycle in time with the instructed breathing pattern that 
was imposed. The Depth x Period interaction was also signif- 
icant, F(4,20)=4.07, with greater acceleration over periods 
for the deep than shallow conditions. Similarly, the greater 
acceleration over periods for the fast relative to slow condi- 
tions was confirmed by the significant Speed x Period in- 
teraction, F(4,20)=4.77. For TWA, only the Depth~x Period 
effect was significant, F(4,20)=3.80, with greater attenuation 
under the deep than shallow conditions. 

The two shallow conditions were next considered on the a 
priori basis of being cognitive-task analogues. The HR re- 
sults were consistent with a respiratory-artefact interpreta- 
tion inasmuch as the fast condition showed an average of 0.7 
bpm above that of the slow condition. However, neither this 
difference nor the overall acceleration over periods (M=0.85 
bpm) approached significance, F<1. For TWA, not even the 
direction of the fast/slow difference was consistent with the 
respiratory-artefact interpretation, as Fig. 1 indicates. Thus 
the fast condition yielded less attenuation (or, rather, more 
augmentation) than the slow condition, although this differ- 
ence also failed to reach significance. 


DISCUSSION 


As expected, deep breathing produced more HR acceler- 
ation and TWA attenuation than shallow breathing. In addi- 
tion, HR, but not TWA, reflected the inspiration/expiration 
cycle under the deep-slow (every 10 sec) respiratory condi- 
tion (see Fig. 1, top panel). This finding, that HR is more 
sensitive to respiratory cycle effects than TWA, is consistent 
with the findings of Matyas [6]. Also worth noting is the large 
TWA attenuation effect in the deep/fast condition. This 
condition is a hyperventilative one, which is accompanied by 
sympathetic activation, and has been found to produce TWA 
attenuation (e.g., [1]). 

Turning to the shallow conditions, which constituted the 
task analogue, and which are, therefore, of central interest, 
HR showed a (non-significant) trend in a direction consistent 
with the respiratory-artefact (RA) interpretation, with rapid 
breathing producing a higher HR than did slow breathing. 
However, both this difference (0.7 bpm) and the overall 
shallow-breathing-induced acceleration (M=0.85 bpm) are 
markedly smaller than the 5-10 bpm effects induced by the 
arithmetic task itself. Accordingly, although the RA factor 
may contribute to some degree to arithmetic-task-difficulty 
effects on HR, it is unlikely that it completely accounts for 
those difficulty effects. The same conclusion applies to 
TWA, with perhaps greater force both because it was less 
subject to respiratory-cycle effects than HR, and because the 
fast/slow difference under the shallow conditons was in a 
direction opposite to that predicted from the RA interpreta- 
tion. Finally, the conclusion that the (physiological) RA fac- 
tor does not completely account for (psychological) difficulty 
effects in HR and TWA is also supported by a recent report 
that task difficulty affected HR and TWA in an arrangement 
(backward digit span) that did not require any verbalization 
during the task phase [8]. 





RESPIRATORY EFFECTS ON HR AND TWA 


Nevertheless, as indicated in the title of this note, the 
present experiment was only an indirect way of assessing the 
potential confounding influence of respiratory factors on 
cardiac performance indices of task difficulty, because no 
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actual arithmetic task was employed. For stronger conclu- 
sions concerning the respiratory confound, further research 
with more direct methods (which employ cognitive stressors 
like iterative subtraction tasks) is needed. 
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ALLAN, R. W., R. BERMEJO AND D. HOUBEN. Transfer of numeric ASCII data files between Apple and IBM 
personal computers. PHYSIOL BEHAV 37(3) 519-520, 1986.—Listings for programs designed to transfer numeric ASCII 
data files between Apple and IBM personal computers are provided with accompanying descriptions of how the software 
operates. Details of the hardware used are also given. The programs may be easily adapted for transferring data between 


other microcomputers. 


Serial communications Data transfer 


Microcomputers 


Apple II IBM PC 





SINCE the introduction of the Apple II series of personal 
computers, scientists in all areas have seen the value of using 
these microprocessors as individual workstations for the 
on-line control of experiments and for the off-line analysis of 
data. The 16K version of the Apple, when it was first intro- 
duced, was superior, in terms of memory capacity, to the 
then extant minicomputer series which had been dominant in 
laboratory control and data analysis. However, because re- 
searchers now need to look at data more frequently and be- 
cause of increases in data analysis demands, some scientists 
have chosen to use one of the new generation of microcom- 
puters which can directly address up to | megabyte of ran- 
dom access memory (as opposed to the directly addressable 
64 kilobyte limit for the Apple II) and which can operate at 
speeds over twice that of the Apple II. 

These researchers have either purchased one of the larger 
microcomputers as replacements for, or in addition to their 
existing Apple computers. In either case, they are faced with 
the problem of transferring numeric data between the two 
machines in a straightforward, precise and economical fash- 
ion. 

Because most commercially available software is expen- 
sive and transfers data quite slowly we chose to write our 
own communications software. The programs turned out to 
be simple and the hardware involved was minimal. Since we 
use both Apple II and IBM Personal Computers in our lab- 
oratory, our sample data transfer programs are oriented 
towards these machines. Without much difficulty, similar 
programs can be written to transfer data to almost any mi- 
crocomputer on the market today. 





EQUIPMENT 


An Apple IIl+ Personal Computer (Apple Computers, 
Inc.) and an IBM Personal Computer (IBM Inc.), both with 
at least one disk drive, should be set up so that a DB 25 serial 
cable (pin to pin) can be installed between the two com- 
puters. 

A Super Serial Card (Apple No. 820-0046) should be in- 
stalled in slot two of the Apple computer (although other 
slots can be used if necessary—see program listing, lines 120 
and 270). In addition, the dip switches and terminal jumper 
block on the card should be set as indicated in Fig. 1. With 
the jumper block in the indicated position you are, in effect, 
connecting the two computers via a null modem. If another 
serial card is used, the baud, stop and parity bits should be 
set as indicated on lines 140-180 of the Apple program listed 
below and the computers should be connected through a null 
modem. 

A serial port for the IBM PC can be obtained by installing 
a Quadram Quadboard II (Quadram, Inc.), although any se- 
rial port on any multifunction or serial card should function 
identically. 


OPERATION 


Make sure the Serial cable is plugged into both com- 
puters. Type the programs listed below into the respective 
computers and save them. Then, run both programs and 
enter the requested filename information. Both programs 
will then print the message, ‘“‘HIT RETURN TO BEGIN 
TRANSFER.” The return keys on both computers should 


'Requests for reprints should be addressed to Dr. Robert W. Allan, West Laboratory, American Museum of Natural History, 79th Street 


and Central Park West, New York, NY 10024. 
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FIG. 1. The Super Serial Card (Apple Computers, Inc.) dip switches 
and jumper block should be configured as indicated above. The 
numerals 1 and 2 and the words MODEM and TERMINAL appear 
printed on the Super Serial Card in the positions shown. 


then be pressed within 5-10 seconds of each other. At this 
point the Apple will send the data over the serial cable to the 
IBM, and it will be stored on the IBM formatted diskette 
under the new filename specified on the IBM side. When the 
transfer is over, both computers will print out an “‘END OF 
TRANSFER” message. 

All data to be transferred should be in Apple DOS format. 


PROGRAM COMMENTS 


On the Apple side, lines 120-190 set up the Super Serial 
Card (as it has a number of software driven options). File 
handling routines found in lines 240-260 and lines 270-310 
are the critical data transmission routines. When data from 
the file being read have all been sent to the IBM, an *‘END 
OF DATA” error (number 5) will be detected on the Apple 
side. Lines 110 and 340-360 will recognize this error and end 
the program. 

Since the IBM side is receiving data, this program has 
routines which control whether or noi data are sent at any 
given moment during program execution. Line 140 sets up 
XON$ and XOFF$ signals which are used later in the pro- 
gram to control the data flow from the Apple. When the PC is 
ready to receive data, an XONS$ is sent to the Apple and data 
transmission begins. When the PC’s communications buffer 
is filled to the level specified in the program then an XOFF$ 
is sent to the Apple and data transmission stops until another 
XONS$ is sent. 

Line 250 asks for the name of a new file to store the 
incoming data. Communication through the serial port and 
into the specified file is set up in lines 280 and 290. Line 340 
sends an XON$ to the Apple and data transmission begins. 
The function LOC(1) returns the total number of characters 
already sent to the IBM communications buffer waiting to be 
read. Since the buffer can hold 256 characters, line 350 
checks to make sure that buffer overflow never occurs. This 
error is prevented by sending an XOFF$ before the com- 
munications buffer is completely filled. The data in the buffer 
are then written out to disk before the XONS$ is sent to the 
Apple to restart data transmission. We chose the LOC(1) 
value of 128 as a conservative limit in order to avoid the 
overflow problem. In addition, as the buffer is emptied, the 
value of LOC(1) is monitored in line 370 to prevent an ‘‘END 
OF DATA” error. This may occur when the buffer is com- 
pletely empty and continual attempts are made to read from 
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the buffer. We chose to leave at least 25 characters in the 
buffer after writing data to the opened PC file. The program 
then returns to line 340 in order to enable further data trans- 
fer. 

If the Apple finishes sending all of the data in the source 
file, then the PC continues to look for incoming data for 
approximately one minute (line 360) and then empties all 
remaining data from the communications buffer (line 420). 
When all of the transferred data have been written to disk, 
the program ends and prints out the message, ‘‘END OF 
TRANSFER.” 

We have transferred the data of more than 40 Apple DOS 
diskettes from the Apple II to the IBM PC without 
encountering any transmisson errors. This program can also 
be adapted for use on other microcomputers without much 
difficulty. The commands which actually accomplish the 
sending and receiving of data comprise only a fraction of the 
entire listings included here and should, in fact, be similar to 
those used by other communications programs written for 
other computers. 


PROGRAM LISTINGS 
Apple Ii Listing 


100 D$ = CHR$(4) =: C$ = CHRS$(1) 
110 ONERR GOTO 320 


: REM Contro! D and SOH 


120 PRINT D$;"PR#2" =: REM Access Super Serial Card 

130 PRINT C$;"R" : REM Reset Super Serial Card 

140 PRINT C$;"148" : REM 9600 Baud 

150 PRINT C$;"0C" : REM No delay after carriage return 

160 PRINT C$;"10" : REM 7 data bits, 1 stop bit 

170 PRINT C$;"0P" : REM No parity 

180 PRINT C$;"X E" : REM XON/XOFF enabled 

190 PRINT C$;"Z" : REM Disable changes to Super Serial Card 
200 PRINT O$;"PR#0" =: REM Direct output back to screen 

210 PRINT : PRINT “PLACE DATA DISK IN DRIVE" 


220 PRINT “AND THEN HIT RETURN” 


230 GET Q$ =: HOME : REM Wait for RETURN 


240 PRINT : INPUT “NAME OF FILE TO BE TRANSFERRED"; F$ 

250 PRINT : PRINT "HIT RETURN TO BEGIN TRANSFER” 

260 GET Q$ : REM Wait for RETURN 

270 PRINT 0$;"PR#2" 

280 PRINT 0$;"OPEN” + F$¢ : REM Open file to read 
290 PRINT D$;"READ” + F¢$ : REM Read from data file 


300 INPUT A 

310 PRINT A : GOTO 290 : REM 
320 PRINT D$;"PR#O" 

330 PRINT O0$;"CLOSE” + F¢ : REM Close data file 
340 ERR = PEEK (222) 

350 IF ERR = 5 THEN PRINT ™ END OF TRANSFER ™ : END 

360 PRINT "ERROR = ";ERR : END 


Send data over 


1BM PC Listing 


100 CLS:CLEAR:KEY OFF 

110 ” 

120 ” Setup Data transmission contro! characters 
130 ” 

140 XON$=CHR$(17) 
150 ” 

160 ” Insert the data diskette 

170 ” 

180 PRINT "Place destination data disk in drive 
190 PRINT “and then hit RETURN” 

200 A$=INKEY$:IF Ag="" THEN 200 


: XOFF$=CHR$(19) 


210 ” 

220 ” Create a file to receive the incoming data 
230 ” and setup access to the serial port 

240 ” 


250 CLS:INPUT “Filename to create : ",FILENAME$ 

260 PRINT “Hit RETURN to begin transfer” 

270 A$=INKEY$:IF Ag="" THEN 270 

280 OPEN "COM1:9600,,7,1,RS,CS0,0S0,CDO” AS #1 

290 OPEN FILENAME$ FOR OUTPUT AS #2:CLS 

300 PRINT "Receiving Data” 

310 ” 

320 ” Data acquisition routines 

330 ” 

340 PRINT #1,XON$ 

350 IF LOC(1)>128 THEN PRINT #1,XOFF$;:L=0:GOTO 370 
360 L=L+I1:IF L>5000 THEN 420 ELSE 350 

370 IF LOC(1)>25 THEN INPUT #1,A:PRINT #2,A:GOTO 370 
380 GOTO 340 

390 ” 

400 ’ Empty the buffer and end the session 
410 ” 

420 IF LOC(1)<>1 THEN INPUT #1,A:PRINT #2,A:GOTO 420 
430 CLOSE:CLS:PRINT "End of transfer” 

440 END 


Editorial 


The introduction of the new Software Survey Section to 
Physiology & Behavior is to encourage the open exchange of 
information on software programs unique to our professional 
field. With the rapid penetration of computers into academic 
and industrial institutions has come a parallel increase in the 
number of scientists and researchers designing their own 
software. The existence of much of this software remains 
unknown to even those of us who could most benefit from its 
use. We believe that it is of vital importance to our readers 
that such information be made available. We believe also 
that a professional journal is the best place to share such 
information. Your contribution would be most welcome. 

The questionnaire on the following page is designed to 
assist you in reporting on software that you may have devel- 
oped or be in the process of developing. By completing this 
form, your information will reach thousands of your col- 
leagues who may benefit from your work and may possibly 
offer suggestions for further enhancements to your software. 
Please complete the enclosed form and return it to: 


Dr. Matthew J. Wayner 

Division of Life Sciences 

The University of Texas at San Antonio 
San Antonio, Texas 78285 


We do not intend to review or comment on the contents of 
the questionnaire. It will be published as is, in the next avail- 
able issue, in order to expedite the information cycle proc- 
ess. I would welcome any comments you may have. 





Physiology & Behavior 
SOFTWARE DESCRIPTION FORM 


Title of Software Package: 











Itis:[ ] Application Program [ ] Utility [ ] Other 


Specific Area: (e.g., Thermodynamics, Inventory Control) 
Software developed for [name of computer(s)] 


in [language(s)] to run under [operating system] 
and is available in the following media: 

















[ ] Floppy Disk/Diskette Specify: 
Size Density [ ] Single siding [ ] Dual siding 
{[ ] Magnetic Tape Specify: 
Size Density Character set 
Distributed by: 
Minimum Hardware Configuration Required: 
Required Memory: 
User Training Required: [ |] Yes [ ] No 
Documentation: 
[ ] None [ ] Minimal [ |]Self-documention [ |] Extensive External Documentation 
Source Code Available: [ |] Yes [ ] No 
Level of Development: 
[ ] Design Complete [ ] Coding Complete [ ] Fully Operational 
[ ] Collaboration would be welcomed 
Is software being used currently? [ ] Yes [ ]No 
If yes, how long? 
If yes, how many sites? 














Contributor is available for user inquiries? [ ] Yes [ ] No 
Description of what Software does [200 words]: 


Potential Users: 
Fields of Interest: 
Name of Contributor: 
Institution: 
Address: 




















Telephone Number: 
Reference number [Assigned by Journal Editor] 
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WILSON, J. F. AND M. B. CANTOR. Noise-induced eating in rats facilitated by prior tail pinch experience. PHYSIOL 
BEHAV 37(4) 523-526, 1986.—In order to integrate the results of procedures that induce excessive nonregulatory eating, it 
is necessary to develop new procedures that elicit eating in satiated animals. To that end, the present study examined the 
effects of 90-dB white noise on eating in satiated rats. Twenty-four rats, including sixteen with prior tail pinch-induced 
eating experience, were presented with mash in baseline and noise conditions. Whereas white noise induced eating in tail 
pinch-experienced rats, noise did not do so in naive subjects. It was concluded that experience with eating in response to 


arousal increased the likelihood that an animal would respond to a different kind of arousal by eating. 


Tail pinch-induced eating Noise-induced eating 


Adjunctive behavior 


Arousal Stress Rats 





IN order to understand the cause of overeating and behavior 
associated with obesity, three types of animal models of 
hyperphagia have been developed: (1) traumatic (e.g., le- 
sions of the ventromedial nucleus of the hypothalamus); (2) 
hereditary (e.g., Zucker ‘‘fatty”’ rat); and (3) environmental 
[14]. Although study of traumatic and genetic animal models 
has provided useful information, both of these types of 
models have their limitations. Environmental models of 
overeating, therefore, appear to have the greatest potential 
for improving our understanding of hyperphagia. 

Several environmental manipulations have been demon- 
strated to produce hyperphagia in food-satiated animals. 
Some experiments, for example, have focused on the 
palatability of food as a key determinant in the etiology of 
obesity [14]. Other studies have shown that highly palatable 
food is not necessary to induce eating. One such procedure 
for producing excessive eating is the tail pinch paradigm 
[2,22]. Another is the case where excessive, adjunctive eat- 
ing is induced by a schedule of intermittent reinforcement 
[31]. 

Kupferman [18] has provided yet another method of in- 
ducing eating in animals. Auditory stimuli including clicks, 
handclaps, and whistles induced eating of wet mash in hungry 
rats that were food-deprived for two days. Eating was not 
induced, however, by visual stimuli such as light flashes or 
increased illumination. Initiation of the noise elicited eating 
in most animals, whereas termination caused eating to cease 
abruptly. Kupferman observed that low intensity (60-dB) 
sounds induced chewing, medium intensities (70-dB) in- 
duced approach to food, and louder sounds (80-dB) induced 
active eating. 

The experiment to be reported here was aimed at inves- 
tigating noise-induced eating, especially with rats that were 
not food deprived. Informal observation in our laboratory 





indicated that sharp handclaps or bursts of hissing noises 
caused rats to exhibit agitated sniffing similar to the behavior 
pattern that normally precedes licking and consumption of 
wet mash in the tail pinch paradigm [30]. The effect seemed 
particularly marked in animals that previously had served as 
subjects in tail pinch studies. The purpose of the present 
study was to investigate this phenomenon systematically 
using white noise as the inducing stimulus. 


METHOD 
Subjects 


The subjects were 24 male, Sprague-Dawley CD rats ob- 
tained from Charles River Laboratories. Each weighed 450- 
500 g and was naive to any experimental manipulation at the 
start of the experiment. The rats were housed individually 
and maintained on ad lib food and water throughout the ex- 
periment. 


Apparatus 


The experiment was conducted inside two large wooden 
chambers, each with dimensions 59.5 cm wide by 83.5 cm 
long by 42 cm high. These boxes were equipped with a fan 
for ventilation and a speaker (8 cm diameter) mounted in the 
center of the ceiling. Inside each large box was a smaller 
chamber with inside dimensions 3167.5x17.5 cm. Two 
sheets of Plexiglas (each 13 x68 cm) were hinged to the top of 
the inner chamber. A two-cm wide opening between the two 
sheets of Plexiglas permitted access to the rats’ tails during 
tail pinch sessions. 

A plywood partition divided the inner box into two com- 
partments (each 3133.5 17.5 cm) so that two rats could be 
run in the experiment at the same time. At the far ends of 
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TABLE 1 


SIX-SESSION WET MASH CONSUMPTION MEDIANS FOR BASELINE 
AND TAIL PINCH CONDITIONS (GRAMS) 
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*Conditions: Baseline (B), Tail Pinch (T). 


each inner box was a wooden tray bearing two or three glass 
Petri dishes (each 100-mm diameter). 

The experimental chambers were equipped to deliver 
both noise and tail pinch stimulation. Ninety-dB white noise 
was delivered via the 8-cm diameter speakers mounted in the 
center of the ceiling of the large outer boxes. The noise in- 
tensity level was measured with a sound-pressure level 
meter. 

The tail pinch apparatus consisted of an alligator clip sol- 
dered to a flexible 20-cm long wire. The wire was attached to 
a pulley that traversed a wire trolley that was 25 cm above 
each inner chamber. When the alligator clip was attached to 
the rat’s tail, the tail protruded through the top of the 
chamber and out of the animal’s reach. This arrangement 
was provided for both of the chambers. 

The alligator clips were modified so that a force of 
1200+50 g was necessary to open the jaws. This force was 
measured daily using a spring gauge. In addition, the teeth on 
the alligator clips were filed off and four layers of plastic 
electrical tape padding were placed over the jaws. 

The entire front wall (83.542 cm) of the large outer box 
opened on a hinge to permit access to the inner chamber. A 
rectangular hole (607.5 cm) was cut in front walls of the 
inner and outer chambers and covered with Plexiglas in 
order to allow observation of the animals during the experi- 
ment. A curtain was draped over the window of the outer 
box to prevent outside light from entering the box. Illumina- 
tion for observation purposes was provided by a red, 7-W 
light mounted on the top center of the back wall of the outer 
box. 
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Procedure 


Subjects were run twice a day, in sessions that were six 
hours apart and at the same time each day. Sessions were 15 
minutes long for all manipulations. The experiment was run 
six days a week. Each subject was randomly assigned to one 
of four compartments and was always run in that chamber. 

One group of 16 rats was exposed to six sessions of 
baseline, fo .owed by six sessions of tail pinch, six more 
sessions of baseline, and six final tail pinch sessions. An 
additional eight subjects had no experience with tail pinch 
stress. When the first group completed the initial 24 sessions 
associated with tail pinch, all subjects were tested for noise- 
induced eating according to the following: six baseline ses- 
sions were followed by six noise sessions; then six more 
baseline sessions were followed by six final noise sessions. 

A day’s supply of mash was prepared in the morning. The 
proportion was 1.5 g ground Purina Lab Chow to 1.0 g water. 
Before each session, mash was measured into each glass 
Petri dish so that the combined weight of the mash and dish 
was 100.0 g. Trays bearing dishes were placed into the 
chambers before the subjects were put in. Mash for the af- 
ternoon sessions was refrigerated until 30 minutes before the 
first afternoon session when it was allowed to warm to room 
temperature. 

For baseline sessions, the subject was weighed and sim- 
ply placed in the chamber with the dishes of wet mash for 15 
minutes. At the end of the session, the rat was removed and 
weighed before being returned to its home cage. The dishes 
were also taken from the boxes after each session and 
weighed to calculate the amount eaten. The floors and trays 
were scraped clean following a session and the amount that 
was spilled was weighed separately. Between sessions, feces 
and urine were removed from the chambers. 

For the tail pinch sessions, subjects were weighed before 
and after each session. After the rat was placed into the 
assigned chamber with mash, the modified alligator clip was 
applied three cm from the tip of the animal’s tail. Because of 
the length of the wire (20 cm) supporting the clip, the rat’s 
tail was suspended above the roof of the chamber and out of 
the subject’s reach throughout the session. Pressure was 
applied to the tail for 15 minutes, after which time the rat was 
removed from the chamber. 

During noise sessions, the subject was placed into its as- 
signed chamber with dishes of wet mash and allowed to ad- 
just to the box for 10 seconds before the initiation of a 90-dB 
white noise. At the end of the 15-minute session, the noise 
was terminated and the animal was immediately removed 
from the chamber, weighed and returned to its home cage. 

The data collected for each session included the weight of 
the subject before and after the session, the amount of mash 
eaten from each dish and the amount of mash spilled. Since 
body weight data paralleled the amount of food consumed, 
only the mash consumption data are presented. During a 
session, each subject’s behavior was observed through the 
Plexiglas windows of the chambers and behavior of interest 
was recorded. The statistical rejection region was set at 
p<0.05 for all comparisons. 


RESULTS 


For each of the 16 subjects exposed to tail pinch, six- 
session wet mash consumption medians were calculated for 
baseline and tail pinch treatment (Table 1). Twelve out of the 
sixteen rats ate an average of 590% more wet mash during 
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TABLE 2 


SIX-SESSION MEDIAN WET MASH CONSUMPTION FOR BASELINE 
AND NOISE CONDITIONS (GRAMS) 
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tail pinch sessions than during baseline sessions. For all sub- 
jects, medians of the six-session baseline and noise condi- 
tions were computed (Table 2). Separate one-way ANOVAs 
were performed on the medians of the naive rats and those of 
the tail pinch-experienced. The tail pinch-experienced rats 
ate more during noise than during baseline sessions, 
F(3,45)=14.39, p<0.001. Tail pinch-naive animals, on the 
other hand, showed no statistically significant difference, 
F(3,21)=2.59, p=0.074. 

It is apparent from Table 2 that six out of eight tail pinch- 
naive rats showed an impressive eating effect during the sec- 
ond noise condition, although no such effect was observed 
during the first noise condition. These findings prompted a 
t-test comparison of the second baseline condition medians 
with the medians of the second noise condition for naive 
animals. Noise-induced eating was greater than baseline eat- 
ing, t(7)=2.46, p<0.05. Apparently, noise does induce eating 
in a naive subject, but it takes more noise exposure than it 
does with tail pinch experience. 


DISCUSSION 


White noise induced eating in rats that had prior experi- 
ence with tail pinch-induced eating. Animals without prior 
experience showed no signs of noise-induced eating until late 
in training. Thus, experience with eating in response to tail 
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pinch stress increased the likelihood that an animal would 
eat in response to a different kind of stress, white noise. 

These findings agree with those of Szechtman [24] who 
studied the response of rats to tail pinch and electrical stimu- 
lation of the tail. Whereas tail pinch was observed to induce 
eating of food pellets, electrical stimulation of the tail elicited 
only licking of of the pellets, However, if the animals were 
exposed to tail pinch prior to electrical stimulation of the tail, 
food was eaten instead of licked. Szechtman explained his 
results 

These findings agree with those of Szechtman [24] who 
studied the response of rats to tail pinch and electrical stimu- 
lation of the tail. Whereas tail pinch was observed to induce 
eating of food pellets, electrical stimulation of the tail elicited 
only licking of the pellets. However, if the animals were 
exposed to tail pinch prior to electrical stimulation of the tail, 
food was eaten instead of licked. Szechtman explained his 
results in terms of redirected responding (e.g., rats will bite 
the tail pinch device during tail pinch or lick their tails after 
electrical stimulation, if allowed access to their tails) and 
asserted that redirected responses can be modified by learn- 
ing. 

According to Szechtman’s explanation, an animal makes 
some response to noise which is redirected toward the wet 
mash. Pilot subjects in boxes with no mash either froze or 
sniffed in response to 90-dB noise. Since these behaviors do 
not lead immediately to eating, it is understandable that 
naive subjects did not respond to noise initially by eating. 
However, a significant difference was obtained between the 
second set of baseline-noise exposures. This might mean that 
noise-induced eating develops slowly in rats activated by the 
noise to sniff and explore. Animals previously exposed to tail 
pinch-induced eating had learned to eat in response to 
arousal. Therefore, in the face of noise stress, tail pinch- 
experienced subjects consumed wet mash. 

A variety of procedures induce eating in animals that are 
not hungry. Eating induced by schedules of reinforcement 
has been reported [4, 5, 7, 8, 11, 27, 31]. Closely related is 
the demonstration [9] of inappropriate, excessive eating in 
rats arising from autoshaping procedures. Another example 
of induced eating is tail pinch-induced hyperphagia [2,22]. 

Schedule induction and tail pinch induction are similar in 
a number of respects. First of all, schedules of reinforcement 
and tail pinch both induce nonregulatory, excessive eating in 
subjects that are not food deprived. Wayner [29] has charac- 
terized adjunctive behavior as being nonpurposive, 
nonadaptive, stereotyped, persistent, exaggerated and non- 
regulatory. It appears that tail pinch-induced behaviors share 
these same attributes with schedule-induced behavior. An- 
other similarity between these two paradigms is that eating is 
not induced in all animals exposed to schedules or tail pinch. 
That is, not all animals respond to these manipulations by 
eating. In addition, schedules and/or tail pinch have been 
reported to induce behaviors other than eating, including: 
polydipsia [10], wheel running [20], air licking [21], tail biting 
[19], paper shredding [12], aggression [15], smoking [26], var- 
ious forms of hyperactivity [26,27], grooming [7,11], maze 
learning [17], maternal behavior [25], and gnawing and in- 
gestion of wood chips [6]. It is possible that these behaviors 
constitute an interchangeable set that can be substituted for 
one another. 

Because there is a striking parallel between adjunctive 
and tail pinch-induced behaviors, it is possible that 1 com- 
mon intervening variable, called ‘‘arousal,’’ produces both 
types of behaviors. ‘‘Arousal’’ is used here, rather than 
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“*stress,’’ because the latter has an aversive or negative con- 
notation. The concept of arousal has been employed by other 
authors [16, 17, 28, 29] to explain schedule- and tail pinch- 
induced eating. Arousal has also been targeted as a con- 
tributing factor in the development of hyperphagia in humans 
{13,23}. 

In order to establish arousal as a primary factor in the 
development of certain types of hyperphagia, it is necessary 
to generate new paradigms which can be explained by 
arousal. The present study introduced a new arousal- 
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inducing stimulus, 90-dB white noise, to subjects in order to 
elicit nonregulatory eating. Exposure to 90-dB white noise 
induced eating immediately in rats previously exposed to tail 
pinch, but not in tail pinch-naive animals. The role of arousal 
in the elicitation of noise-induced eating needs to be exam- 
ined systematically, as does the relationship among noise- 
induced, tail pinch-induced, and adjunctive behaviors. 
Further research in this area should contribute to a better 
understanding of environmentally induced eating [14] that 
can lead to obesity in humans. 
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BURDETTE, L. J., L. C. WALRATH, J. GROSS, B. JAMES AND J. A. STERN. A comparison of saccade evoked 
potentials recorded during reading and tracking tasks. PHYSIOL BEHAV 37(4) 527-532, 1986.—The influence of visual 
processing demands on saccade-triggered evoked potentials was investigated at P3, P4 and Oz recording sites during 
reading and tracking tasks. To maximize the physical similarities between tasks, subjects tracked a series of lights that 
flashed in a stereotypic reading pattern behind a page of text; eye movements recorded during reading initiated the light 
sequence. In the first experiment, a significant decrease observed in the latency of the major positive peak recorded from 
Oz during tracking was attributed to the smaller amplitude of tracking, relative to reading, saccades. To confirm this 
interpretation, the experiment was repeated with modification to the light display. As anticipated, equating saccade 
amplitudes across tasks eliminated waveform differences in the second experiment. Although peak latencies and ampli- 
tudes were not influenced reliably by visual processing demands, tracking potentials exhibited a negative DC shift relative 
to reading waveforms that was significant at 174 msec at the Oz site. These data suggest that the saccade-triggered evoked 
potential components generally are insensitive to task differences within the visual modality when visual configuration and 


eye movement parameters are controlled. 


Evoked potentials Lambda Saccade Reading 


Tracking 





NORMAL vision involves scanning a structured field with a 
series of rapid eye movements and intervening fixation 
pauses. Saccadic eye movements stimulate the retina by 
displacing the image without any appreciable change in total 
light flux. Evans [8,9] was the first to report the presence of a 
biphasic positive-negative wave in the electroencephalogram 
(EEG) time-locked to these eye movements. With the advent 
of computer averaging techniques, the traditional waveform 
recorded over midline occipital and parietal cortex has been 
elaborated to include four peaks: two positive peaks occur- 
ring at 60 and 120 msec, followed by a negative-positive 
complex with peaks at 190 and 300 msec, respectively [4]. 

Although the evoking stimuli differ, saccade-triggered 
evoked potential (STEP) waveforms are sensitive to the 
same physical properties as those affecting flash and pattern 
reversal evoked potentials. Component amplitudes are influ- 
enced reliably by average luminance [2, 5, 11, 20] and spatial 
frequency of the patterned background [2,3]. The angular 
extent of the eye movement also is an important determinant 
of STEP amplitudes [2, 3, 10, 17, 20, 22]. That these poten- 
tials reflect abrupt changes in retinal stimulation is evidenced 
by their prominence during scanning of complex patterned 
background and by their absence during slow pursuit move- 
ments [13] and during saccades executed in darkness [12, 14, 
19}. 





While environmental and motor contributions to the 
saccade-triggered evoked potential now are established, 
there has been limited investigation of cognitive influences. 
Barlow [4] attributed the appearance of a late positive com- 
ponent during reading, and not during optokinetic nystag- 
mus, to information abstraction during the fixation pause. 
Based on results obtained by forward and backward com- 
puter averaging, Yagi [21-23] also has argued that later com- 
ponents are synchronized with saccade termination, rather 
than initiation, and therefore reflect processing of informa- 
tion during the fixation pause. Consistent with this premise, 
Yagi [24] later interpreted the enhancement of component 
amplitudes during visual, compared to auditory, discrimina- 
tion as reflecting the relevance of visual information processing 
to the STEP waveform. Within the visual modality, however, 
increasing the background contrast, rather than increasing 
cognitive demands, more easily explains reported alterations 
in the potentials [25]. This latter study emphasizes the fre- 
quently neglected necessity of controlling eye movement and 
contrast parameters in investigations of this type. 

The present study was designed to examine the influence 
of two different visual tasks on the saccade-triggered evoked 
potential while controlling stimulus and motor parameters 
known to affect the waveform. In two experiments, subjects 
were required to read a short story and then to track a se- 
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quence of lights that flashed in a stereotypic reading pattern. 
To maximize physical similarities of the two test conditions, 
the light panel was placed behind a page of text, thereby 
eliminating differences in the contrast of scanned back- 
grounds. Further comparability across tasks was ensured by 
using eye movements recorded from each subject during 
reading to initiate the light sequences during tracking. The 
large saccade that sweeps the eyes from the end of one line 
of text to the beginning of the next (or an equivalent distance 
in the tracking task) was used to trigger computer averaging 
of potentials recorded over occipital and left and right 
parietal cortex. Differences in waveforms then were ex- 
plored as a function of task demands. 


EXPERIMENT I 
Method 


Subjects. The names of ten male volunteers (20-28 years 
of age) were selected randomly from a subject file main- 
tained by the Psychology Department at Washington Uni- 
versity, St. Louis, MO. All participants were right-handed 
and had no familial history for reading disability or neurolog- 
ical ailments. Subjects reported having 20/20 vision or wore 
corrective lenses. Participants were paid $5.00/hour. 

Apparatus. A reading stand was constructed to support 
both the text and a panel containing a horizontal array of five 
red light-emitting diodes (LED) spaced 2.5 cm apart. The 
number and spacing of the LEDs were chosen in accordance 
with the average number of fixation pauses (5—6) per line of 
print that subtends a visual angle of approximately 20° [15]. 
The first page of text was affixed in front of the LED panel. 
Photometric readings (Spectra Spotmeter, Model UBD, Koll 
Morgen Corp.) indicated the magnitude of luminance change 
with LEDs illuminated was less than 0.1%. The diodes were 
programmed to light in a stereotypic reading pattern by a 
Gerbrand timer (Model 300-4). Horizontal AC-coupled sac- 
cades (time constant=0.3 sec) were recorded during reading 
by an ancillary analog tape recorder (Ampex FR1300). At the 
beginning of the LED tracking task, the tape was rewound 
and the output was monitored by an Ortec single channel 
analyzer (730L). When the eye movement voltage exceeded 
a predetermined criterion indicating the occurrence of a line 
change saccade (the large left-going saccade sweeping the 
eyes from the end of one line of text to the beginning of the 
next), the channel analyzer triggered a waveform generator 
(Tektronix 160), which in turn activated the timer and ini- 
tiated a tracking trial. The last LED in the row, correspond- 
ing in spatial position to the last fixation pause on a line of 
print, began the sequence. The LEDs, numbered sequen- 
tially from left-to-right, were illuminated in the following or- 
der: Sth diode (500 msec); Ist diode (750 msec); 2nd (500 
msec); 3rd (500 msec); and 4th diode (remained illuminated 
until the next line change saccade was detected in the 
playback signal). With the exception of the first LED in the 
row, each diode was illuminated for 500 msec, representing 
the approximate sum of oculomotor reaction time 
(mean=250 msec) [6,7] and forward fixation pause duration 
(mean=200 msec) [1]. This composite duration was selected 
after pilot subjects experienced difficulty tracking when 
LEDs were illuminated sequentially at 250 msec intervals. 
The first light in the row was illuminated for 750 msec to 
mimic the longer pause that is typical of the first fixation at 
the beginning of a line of text [1]. 

Procedure. After electrode placement, the subject was 
seated at a table within a shielded room. The reading stand 
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was positioned at a distance of 37.5 cm from the bridge of the 
nose. The text width was 15 cm, making the visual angle 
subtended by the stimulus display 23°. The recording session 
consisted of four 10 minute segments: reading, LED track- 
ing, reading, LED tracking. During the reading tasks, the 
subjects were instructed to read the story ““Young Man 
Axelrod’”’ by Sinclair Lewis for enjoyment. During the track- 
ing task, subjects were encouraged to follow each light se- 
quence and to remain as alert as possible. Because eye 
movements recorded during reading were used to trigger the 
LED sequence, the tasks were presented in fixed order. 

Recording. Three sites were selected in accordance with 
the international 10-20 system for recording EEG activity: 
left (P3) and right (P4) parietal cortex, and midline occipital 
(Oz) cortex, each referred to linked ears. The ground elec- 
trode was attached to the midline forehead. Inter-electrode 
impedance was maintained below 5 kohms. Each EEG 
channel was high and low pass filtered between 1 and 300 c/s 
and was amplified at the calibrated gain setting of 50 
pamps/cm on Grass EEG (Model 7) amplifiers. Horizontal 
eye movements were monitored by placing Ag-AgCl elec- 
trodes at the outer canthi of the eyes. Vertical eye move- 
ments and blink potentials were detected by placing elec- 
trodes above and below the left eye. The horizontal EOG 
channel was both AC- and DC-coupled to meet computer 
software requirements for triggering EEG trial averaging and 
for quantifying eye movement parameters, respectively. The 
vertical EOG channel was AC-coupled only. All physiolog- 
ical measures were recorded on magnetic tape for subse- 
quent data analysis. 

Data analysis. On playback, EEG and AC-coupled EOG 
potentials were sampled by a PDP 12 computer at 500 c/s. 
Computer averaging of EEG activity was initiated whenever 
the horizontal EOG amplitude exceeded a programmed cri- 
terion that was greater than the voltage deflection associated 
with forward and regressive within-line saccades. Each 
epoch began approximately 30-50 msec after saccade onset. 
All channels were edited for the presence of large voltage 
deflections indicating contamination by muscle or eye blink 
potentials. A total of 90-128 artifact-free trials was averaged 
for each of the three recording sites for each repetition of the 
reading and tracking tasks. Voltages for each time sample 
then were entered into a PDP 11/70 computer for identifica- 
tion of five peak latencies (see Fig. 1). Because STEP mor- 
phology varied by recording site, peak polarity and searches 
for the time points representing the maximum or minimum 
voltage deflection within selected intervals were specified 
individually for each lead. For all sites, the most negative 
peak (N,) occurring within the first 50 msec was labeled. 
Subsequent searches of the P3 waveform alternated identify- 
ing positive and negative peaks (i.e., N,, P;, No, Ps, N;). 
Similar to reports in the literature describing the Oz poten- 
tial, waveforms recorded from P4 and Oz sites were distin- 
guished by the presence of a smaller positive peak riding on a 
larger positive deflection that obviated detection of an inter- 
vening negative peak (i.e., N,, P;, P., Ns, P,). Peak-to-peak 
ampliiudes were computed as voltage differences between 
two successive peak latencies. 

Individual component latencies and amplitudes for each 
lead were submitted to a repeated measures analysis of vari- 
ance (ANOVA). Task and task repetition were considered as 
a single factor because of the fixed order of task presenta- 
tion. To protect against Type I errors resulting from the 
number of statistical analyses performed, alpha was adjusted 
to 0.01 for peak latency analyses (0.05/5 peak latencies) and 
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FIG. 1. Group averaged waveforms recorded over P3, P4 and Oz sites during reading and tracking tasks in Experiment I (left 
panel) and Experiment II (right panel). 


0.012 for component amplitude analyses (0.05/4 amplitudes). 
The Geisser-Greenhouse adjustment also was used to cor- 
rect any positive bias resulting from heterogeneity in the 
repeated measures factor. In the event of significance, the 
influence of task, task repetition and the interaction was 
analyzed further by orthogonal contrasts using an F statistic. 
In keeping with a conservative statistical approach, alpha 
levels again were adjusted to 0.017 (0.05/3 main and inter- 
active effects) in accordance with the number of compari- 
sons performed. 

Horizontal DC eye movements were sampled at 100 c/s 
by a PDP 11/40 computer to obtain saccade amplitude and 
duration parameters for line change saccades. These data 
were printed for every saccade, although only those associ- 
ated with accepted EEG trials were averaged and submitted 
to statistical analysis. 


Results 


Group-averaged waveforms recorded from left and right 
parietal cortex and from occipital cortex during reading and 
tracking are presented in Fig. 1 (left panel). The traditional 
lambda response was observed at the occiput (Oz), with two 
positive peaks identified at 60 and 120 msec, respectively, 
followed by a negative-positive complex at 190 and 260 
msec. The morphology of the two waveforms recorded off 
midline differed substantially from the Oz potential. In addi- 
tion, an early polarity reversal was detected within the first 
50 msec of the P3 and P4 responses, following which the 
potentials coincided. In an attempt to approximate the sum- 
mation of these responses at midline, individual P3 and P4 
waveforms were summated by the computer for the respec- 
tive tasks, and group averages were obtained. As may be 
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FIG. 2. Group averaged waveforms of summated P3 and P4 re- 
sponses recorded during reading and tracking tasks in Experiment I 
(top panel) and Experiment II (bottom panel). 


seen in Fig. 2 (top panel), the summated response more 
closely approximates the traditional lambda response re- 
ported in the literature. 

Three significant task effects were identified in the first 
experiment. A significant main effect, F(1.07,9.67)=10.97, 
p<0.008, was observed in the P, latency at Oz; orthogonal 
contrasts revealed a significant decrease in the latency of this 
peak during tracking relative to reading (108 msec vs. 130 
msec, F(1,9)=11.34, p<0.008). Although the amplitude 
analysis of the major positive (P,) wave recorded over left 
parietal cortex was significant, F(2.47,22.23)=5.03, 
p<0.012, subsequent contrasts failed to meet the alpha cri- 
terion (p<0.017). One other unexpected finding emerged 
from the first experiment. From visual inspection of the 
waveforms (Fig. 1), the negative DC shift noted in all track- 
ing potentials was explored by sampling average voltages at 
50 msec intervals for the two conditions. A significant task x 
lead Xx time sample interaction resulted, F(14,126)=7.48, 
p<0.001. Simple effects tests (alpha=0.05/8 time points= 
0.006) indicated that tracking potentials were significantly more 
negative at 174 msec for the Oz potential, F(1,19)=14.06, 
p<0.005. 

Despite attempts to equate saccade amplitudes between 
reading and tracking conditions in the first experiment, a 
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EYE MOVEMENT PARAMETERS AS A FUNCTION OF TASK 
IN EXPERIMENTS | AND I1 





Experiment I Experiment II 


Reading Tracking Reading Tracking 





Saccade .° * x i.e Sx x Ss 
Amplitude 180.9 6.0 125.2 4.5 205.2 15.4 209.2 15.6 
Duration os AD Te ia 





one-way repeated measures ANOVA indicated the presence 
of significantly reduced saccade amplitudes (Table 1) during 
the tracking condition for six of the ten subjects, 
F(1,5)=125.35, p<0.0001. The DC EOG signals could not be 
retrieved for the remaining four subjects due to an in- 
strumentation problem. Based on evidence of a positive re- 
lationship between lambda response latencies and saccade 
amplitudes [17], the decrease in the P, latency observed in 
the Oz waveform was attributed tentatively to saccade 
differences across tasks. To confirm this interpretation, the 
decision was made to replicate the experiment with modifi- 
cation to the LED display. 


EXPERIMENT II 
Method 


The display panel was modified by adding another LED 
(2.5 cm from the last LED) to the light panel so that the 
amplitude of the right-to-left going saccade during tracking 
more closely approximated that associated with the line 
change saccade during reading. Extensive pilot testing con- 
firmed that saccade amplitudes during reading and tracking 
conditions were equivalent. All other experimental proce- 
dures were replicated in the second experiment. Ten naive 
subjects were recruited in the manner described for Experi- 
ment I. 


Results 


Even by visual inspection of the waveforms (right panel, 
Fig. 1), differences between reading and tracking were less 
apparent in the second experiment. Statistical analysis of 
peak latencies and peak-to-peak amplitudes failed to reveal 
any significant effects. The saccade amplitude analysis also 
indicated that modification to the LED display was suc- 
cessful in equating reading and tracking eye movements 
(Table 1). A _ significant increase in saccade duration, 
F(1,9)=12.88, p<0.006, was observed, however, during 
tracking. This slowed saccade velocity mirrored the subjec- 
tive complaint concerning the hynoptic nature of the tracking 
task. 


DISCUSSION 


The present experiments were designed to examine po- 
tential differences in the STEP waveform as a function of 
task, while minimizing differences in visual stimulation and 
eye movement parameters that are known to affect this brain 
potential. The results suggest that waveform alterations may 
be attributed solely to the latter two factors. In the first 
experiment, the significant decrease in the latency of the 
prominent peak of the Oz waveform during tracking was 
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confounded with the smaller saccade amplitudes associated 
with this task. Lesévre and Rémond [17] reported a strong 
positive relationship between saccade amplitude and lambda 
response latencies. This interpretation was confirmed by the 
absence of task effects in the second experiment when sac- 
cade amplitude differences were eliminated. 

The absence of dramatic task effects in the STEP 
waveform was unexpected considering the findings reported 
by Yagi [24]. This author demonstrated that the lambda re- 
sponse is smaller during an auditory detection than during a 
visual detection task, although variation in the contrast of 
scanned background could account for these differences. In 
a more recent report, Marton and colleagues [18] recorded 
STEP waveforms to target and non-target word stimuli pre- 
sented in the periphery with saccade amplitude and contrast 
parameters equated across conditions. An increase in the 
amplitude and latency of the P, component (490-700 msec) to 
target stimuli was observed at P3, P4 and Oz. While this 
effect was confounded by the presence of a motor response, 
the failure to detect similar changes in the studies reported 
here may be a function of a shorter sampling epoch. 

The presence of a negative DC shift in waveforms re- 
corded during tracking was unexpected. This finding seem- 
ingly conflicts with the report of a positive and negative DC 
potential shift associated with synchronization and desyn- 
chronization of the EEG, respectively [16]. According to 
subjective report, the tracking task was hypnotic and there- 
fore should have increased EEG synchronization. Reading, 
on the other hand, should result in EEG desynchronization. 
Although subjects were not tested for reading comprehen- 
sion, subjects were quizzed informally at the end of the ses- 
sion concerning their opinion of the short story. It was evi- 
dent during this conversation, and from their eagerness to 
return to the story for the second reading sequence, that the 
subjects had read the material. This conflict may be resolved 
by assuming that the saccade produces momentary desyn- 
chronization in the background EEG. The greater DC 
negativity observed during tracking then would be explained 
by the contrast of desynchronization occurring against a 
synchronized background, relative to desynchronization 
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occurring against an already desynchronized background. 

Alternatively, the DC shift may reflect task differences in 
saccade duration. Because of the interdependence between 
saccade amplitude and duration parameters, the latter vari- 
able was analyzed only in the second experiment when sac- 
cade amplitudes were equated successfully. Although the 
slower velocity saccades observed in the second experiment 
during tracking may explain the more negative potential re- 
corded from P3 and Oz during tracking, it is difficult to 
understand the absence of any DC shift at P4. Until power 
spectrum analyses are conducted on background EEG ac- 
tivity or until saccade durations are manipulated systemati- 
cally, this pattern remains unexplored. 

The early polarity reversals observed between waveforms 
recorded at P3 and P4 sites is not without precedent in the 
literature. Roth and Green [19] were the first to report a 
polarity inversion in lambda waves observed in EEG records 
obtained from homologous recording sites on the left and 
right sides of the head. Using a transverse array of nine 
electrodes placed 2 cm anterior to the inion, Lesévre and 
Rémond [17] demonstrated the phase reversal of the first 
component shifts toward the same hemisphere as the direc- 
tion of the eye movement. When only midline electrode 
placements are used, directionality of saccade has no influ- 
ence on the waveform [16], further suggesting that the mid- 
line records reflect the summation of lateral phase reversals. 

In summary, the results of the present experiments indi- 
cated that no component in any STEP waveform was af- 
fected by visual processing differences, providing stimulus 
and eye movement parameters were equated. A negative DC 
potential shift was observed, however, during tracking that 
may reflect differences in background EEG synchrony or 
saccade duration as a function of task. Together with a care- 
ful review of the literature, the data suggest that subtle cog- 
nitive influences on this waveform may be studied only 
under the most rigorous experimental conditions where 
stimulus and motor parameters are carefully controlled. 
When such controls are employed, the present findings pro- 
vide little support for major evoked potential changes as a 
function of cognitive influences. 


REFERENCES 


. Abrams, S. G. and B. L. Zuber. Some temporal characteristics 
of information processing during reading. Read Res Quart 8: 
40-51, 1972. 

. Armington, J. C. Visual cortical potentials and electroretino- 
grams triggered by saccadic eye movements. In: Visual Evoked 
Potentials in Man: New Developments, edited by J. E. Desmedt. 
Oxford: Clarendon Press, 1977, pp. 286-300. 

. Armington, J. C. and M. B. Bloom. Relations between the am- 
plitudes of spontaneous saccades and visual responses. J Opt 
Soc Am 64: 1263-1271, 1974. 

. Barlow, J. S. Brain information processing during reading: Elec- 
trophysiological correlates. Dis Nerv Syst 32: 668-672, 1971. 

. Brooks, B. A. Vision and visual evoked potentials during sac- 
cadic eye movements. In: Visual Evoked Potentials in Man: 
New Developments, edited by J. E. Desmedt. Oxford: Claren- 
don Press, 1977, pp. 301-313. 

. Cohen, M. E. and L. E. Ross. Saccade latency in children and 
adults: Effects of warning interval and target eccentricity. J Exp 
Child Psychol 23: 539-549, 1977. 

. Cohen, M. E. and L. E. Ross. Saccade response latency in 
children and adults to a target signaled by nontarget stimulus 
offset. Bull Psychon Soc 12: 369-371, 1978. 


8. Evans, C. C. Some further observations on occipital sharp 
waves (A waves). Electroencephalogr Clin Neurophysiol 4: 371, 
1952. 

. Evans, C. C. Spontaneous excitation of the visual cortex and 
association areas—Lambda waves. Electroencephalogr Clin 
Neurophysiol 5: 69-74, 1953. 

. Gaarder, K. Interpretive study of evoked responses elicited by 
gross saccadic eye movements. Percept Mot Skills 27: 683-703, 
1968. 

. Gaarder, K., J. Kruskopf, V. Graf, W. Kropfl and J. C. Arm- 
ington. Averaged brain activity following saccadic eye move- 
ment. Science 146: 1481-1483, 1964. 

. Gastaut, H. and Y. Gastaut. The mechanism of potentials 
evoked in the occipital region in human subjects by saccadic 
movements of the eyes. Electroencephalogr Clin Neurophysiol 
8: 720-721, 1956. 

. Green, J. Some observations of lambda waves and peripheral 
stimulation. Electroencephologr Clin Neurophysiol 9: 691-704, 
1957. 

. Groethuysen, U. C. and R. Bickford. Study of lambda-wave 
response of human beings. Electroencephalogr Clin Neurophys- 
iol 8: 344, 1956. 





. Laycock, F. Significant characteristics of college students with 
varying flexibility in reading rate. 1. Eye movements in reading 
prose. J Exp Educ 23: 311-330, 1955. 

. Lehman, D. EEG, evoked potentials, and eye and image 
movements. In: The Control of Eye Movements, edited by P. 
Bach-y-Rita and C. C. Collins. New York: Academic Press, 
1971, pp. 149-174. 

. Lesévre, N. and A. Rémond. Effects of contrasts on the visual 
evoked potential related to eye movements. In: The Oculomotor 
System and Brain Functions, edited by V. Kizmund. London: 
Butterworths, 1973, pp. 121-134. 

- Marton, M., J. Szirtes and P. Breuer. Electrocortical signs of 
word categorization in saccade-related brain potentials and vis- 
ual evoked potentials. Int J Psychophysiol 3: 131-144, 1985. 

. Roth, M. and J. Green. The lambda wave as a normal physiolog- 
ical phenomenon in the human electroencephalogram. Nature 
172: 864-866, 1953. 


BURDETTEET AL. 


- Scott, D. F., U. C. Groethuysen and R. G. Bickford. Lambda 


responses in the human electroencephalogram. Neurology 17: 
770-778, 1967. 


. Yagi, A. Lambda waves associated with offset of saccades: A 


subject with large lambda waves. Biol Psychol 8: 235-238, 1979. 


. Yagi, A. Saccade size and lambda complex in man. Physiol 


Psychol 7: 370-376, 1979. 


. Yagi, A. Averaged cortical potentials (lambda responses) time- 


locked to onset and offset of saccades. Physiol Psychol 9: 318- 
320, 1981. 


. Yagi, A. Visual signal detection and lambda responses. Elec- 


troencephalogr Clin Neurophysiol 52: 604-610, 1981. 


. Yagi, A. Lambda response as an index of visual perception 


research. Jpn Psychol Res 24: 106-110, 1982. 





Physiology & Behavior, Vol. 37, pp. 533-537. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 


003 1-9384/86 $3.00 + .00 


Effects of Gender, Gonadectomy and 
Social Status on Attack Directed Towards 
Female Intruders by Resident Mice 


M. HAUG, J. F. SPETZ, M. L. OUSS-SCHLEGEL, D. BENTON* 
AND P. F. BRAIN* 


Equipe de Recherche sur l’ Agression, Laboratoire de Psychophysiologie 
7, rue de |’ Université, 67000 Strasbourg, France 
and *Biomedical and Physiological Research Group, University College of Swanzea 
Department of Zoology, Swansea, SA 2 8PP, Wales, U.K. 


Received 24 October 1985 


HAUG, M., J. F. SPETZ, M. L. OUSS-SCHLEGEL, D. BENTON AND P. F. BRAIN. Effects of gender, gonadectomy 
and social status on attack directed towards female intruders by resident mice. PHYSIOL BEHAV 37(4) 533-537, 
1986.—Small unisexed groups (triads) of either male of female Swiss strain mice attack lactating intruders introduced into 
their home-cages. Female residents are, however, generally much more aggressive towards such intruders than are males. 
Ovariectomy of female residents (on day 15 or day 50 of life) has little effect on such responses, but castration of male 
residents significantly increases their attack on lactating intruders to a level resembling that of females. The introduction of 
the lactating female into the home-cage of sham-operated or gonadectomized male or female residents also enhances 
intragroup fighting with males (irrespective of their endocrine status) being the more aggressive. Finally, the social status of 
the male alters the response towards lactating females. Dominants generally show higher levels of attack, an effect that can 


be augmented by castration. 
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CONSIDERABLE data has been accumulated on the attack 
directed by resident mice towards lactating females. This 
behavior has been proved to be strain dependent [8] and 
controlled by gabaergic neurotransmission [10, 11, 13], fea- 
tures shared with some other more typical forms of murine 
aggression [15,16]. The influences of gonadal hormones on 
this former type of attack are, however, quite different from 
those usually encountered. Thus, adult resident males only 
display substantial aggression towards lactating intruders 
when they are castrated, an effect that can be easily reversed 
by treating the animals with testosterone, estradiol or de- 
hydroepiandrosterone, which is one of their common pre- 
cursors [12,17]. In contrast, adult resident females usually 
show much more vigorous aggressive responses towards the 
lactating females than do males. Ovariectomy does not 
change their response [7] but testosterone (but not estradiol) 
reduces such behavior producing levels resembling those in 
unoperated males [12]. Although these studies provide evi- 
dence for the existence of a sexual dimorphism in the attack 
by mice on lactating females, no systematic comparisons of 
the genders have thus far been made. Consequently, an ex- 
periment carried out at two different stages of development 
investigated the roles of genders and gonadectomy on this 
form of attack. It has commonly been observed in the previ- 
ously mentioned studies that, generally only one individual 
resident (in groups of either gender) shows vigorous attack 


on the intruding females. This individual's cagemates fail to 
display such behavior or show only weak attack. It has been 
additionally observed (unpublished data) that the most ag- 
gressive animal from a group also initiates fighting episodes 
with the other members of his/her own group for the period 
that the lactating female is introduced into the home-cage. 
As these behavioral differences seem correlated with the 
social structure of the group of mice, a second experiment 
was performed to gain further insight into this phenomenon. 
Male mice were consequently rated as dominant or subordi- 
nate, gonadectomized and further tested for aggression 
towards lactating or non lactating intruders. It was expected 
that these experimental manipulations would enable one to 
understand further the respective roles of the resident's gen- 
der, gonadal hormone production and social status on their 
attack directed towards lactating females. 


EXPERIMENT I. INVESTIGATION OF THE ROLE OF 
GENDER AND GONADAL STATUS ON AGGRESSION 
BY MICE TOWARDS LACTATING FEMALES 


METHOD 
Animals 


One hundred and eighty male and 180 female Swiss mice 
were used to establish sixty groups of 3 resident mice of each 
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FIG. 1. Latencies to first biting attack directed by gonadectomized 
vs. sham-operated male and female mice towards lactating female 
intruders. Results are expressed by means+standard-errors. (¥) 
Differ significantly from castrated males and from ovariectomized 
and sham-operated females (p<0.01). 
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FIG. 3. Intermale and female fighting stimulated by lactating female 
intruders. Results are expressed by means+standard-errors. (¥) 
Differ significantly from ovariectomized and sham-operated females 
(p<0.05). (VY) Differ significantly from ovariectomized and sham- 
operated females (p<0.01). 
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FIG. 2. Number of biting attacks directed by gonadectomized vs. 
sham-operated male and female mice towards lactating female in- 
truders. Results are expressed by means+standard errors. (W) Dif- 
fer significantly from castrated males and from ovariectomized and 
sham-operated females (p<0.01). (V) Differs from ovariectomized 
(day 50) and sham-operated (day 50) females (p<0.05). 


gender. Each group was kept in a transparent Makrolon cage 
(33x 12x18 cm) containing a sawdust substrate and fur- 
nished ad lib with food and water. One hundred and twenty 


lactating females (14 days after parturition) served as intrud- 
ers. 


Procedures 


Gonadectomy versus sham-operation. Half of the groups 
of mice were gonadectomized (i.e., 30 triads of each gender). 
Of these, 15 triads per gender consisted of subjects that were 
operated on postnatal day 15 (prepubertal gonadectomy), the 
others were surgically manipulated on day 50 (postpubertal 
gonadectomy). Two times at which gonadectomy was per- 
formed (i.e., the 15th and 50th postnatal day) were selected 
as there have been suggestions that the more mature or- 
ganisms is more ‘fixed’ in its social status than the younger. 
It was felt that the roles of sex steroids at these two times 
may also differ in importance. The actual days were chosen 
on the basis of an earlier study with females which used the 
same intervals [7]. The remainder were sham-operated at 
one of these two ages. All operations were performed using 
Nembutal anesthesia and subjects were returned to their 
groups on the day of surgery. 

Aggression testing. After a four week recovery period, 
each category of residents was given an aggression test by 
introducing a lactating female into their home-cage. Testing 
was identical to that described elsewhere [12] and was car- 
ried out 24 hr after sawdust bedding in the cages was re- 
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FIG. 4. Aggression by dominant (D) vs. subordinate (S) male mice towards lactating or non 
lactating intruder females. Statistical evaluations have been made on mean accumulated val- 
ues for D + S (DS). (¥) Differs significantly from sham-operated males (p<0.01). (V) Differs 
significantly from sham-operated males (p<0.01). 


placed with fresh material, (precluding variations in odor 
cues). The following parameters were recorded within the 15 
minute aggression test: (1) latency to first biting attack; (2) 
number of biting attacks directed towards the intruders; and 
(3) duration of fighting between the resident mice during the 
time lactating females were present in their home-cages. 


Data Evaluation 


The analysis of variance (ANOVA) was used; the inde- 
pendent variables being gender (male or female), gonadal 
status (gonadectomized or sham-operated) and time of 
surgery (day 15 or day 50). The dependent variables were 
latency to first biting attack, number of biting attacks and 
duration of intermale/interfemale fighting. Fifteen different 
aggression tests were performed with each category of resi- 
dential mice. Further analyses for individual between-group 
comparisons were carried out using the Newman-Keuls test. 


RESULTS 
Latency to First Biting Attack 


The results are illustrated in Fig. 1. Analysis of variance 
revealed a significant main effect of gender, F(1,112)=8.92, 
p<0.05, a main effect of gonadal status, F(1,112)=24.44, 
p<0.001, and a significant gender x gonadal status interac- 
tion, F(1,112)=21.45, p<0.0001. Indeed, sham-operated 
males showed longer latencies to biting attack than any other 


category of tested mice (males or females). However, 
analysis of variance indicated no significant effect of time of 
surgery. 


Number of Biting Attacks 


The results are illustrated in Fig. 2. Analysis of variance 
revealed a significant main effect of gender, F(1,112)=31.81, 
p<0.001, a main effect of gonadal status, F(1,112)=30.92, 
p<0.001, a main effect of time of surgery, F(1,112)=4,43, 
p<0.05, as well as significant gender x gonadal status and 
gender xX time of surgery interactions (F= 16.82, p<0.01 and 
F=5.63, p<0.05 respectively). Sham-operated males were 
much less aggressive than any other category, while sham- 
operated females (day 15) only showed fewer biting attacks 
than the ovariectomized or sham-operated categories oper- 
ated at day 50. 


Duration of Intragroup Fighting 


The results are illustrated in Fig. 3. Analysis of variance 
revealed a significant main effect of gender, F(1,112)=29.16, 
p<0.001, and a significant gender x gonadal status interac- 
tion, F(1,112)=5.23, p<0.05. In comparison with grouped 
female counterparts, intact and gonadectomized males 
showed more fighting when lactating female intruders were 
introduced into their home-cages. In both genders of resi- 
dents, the differences between gonadectomized animals and 
their respective controls did not reach statistical signifi- 
cance. 





TABLE 1 


PROPORTION OF DOMINANT VS. SUBORDINATE ANIMALS 
AMONG PAIRED MALES EXHIBITING AGGRESSION TOWARDS 
LACTATING OR NON LACTATING INTRUDER FEMALES 





Attack on 
Non Lactating 
Female Instruders 


Sham- Cas- 
operated trated 
males males 


Attack on 
Lactating 
Female Intruders 


Sham- Cas- 
operated trated 
males males 





Number of 
test trials 14 14 14 14 

Proportion of 
dominant males 

Proportion of 
subordinate males 


12/14 11/14 11/14 13/14 


2/14* 3/14* 3/14* 1/14* 





*Differs from dominant males category (p<0.01). 


EXPERIMENT II. RELATION BETWEEN SOCIAL 
STATUS AND ATTACK ON LACTATING OR NON 
LACTATING INTRUDERS BY CASTRATED VS. 
SHAM-OPERATED MALE MICE 


Experiment | confirmed the earlier claim [9,12] that in 
addition to attacking lactating female intruders, the residents 
(males>females) showed fighting between members of the 
groups. Detailed observations suggested that males which 
initiated fighting within the group were also the individuals 


who attacked the lactating females introduced into their 
home-cages most vigorously. It consequently seems likely 
that the initial social status of the male (i.e., dominant or 
subordinate) determines its subsequent attack on a lactating 
intruder (as is the case in territorial aggression—see [1]). 
This assumption was tested in Experiment II which investi- 
gated how attack on intruder females (either lactating or non 
lactating) varied as a function of the resident male's social 
status. It also determine whether the status was maintained 
after removal of the gonads. 


METHOD 


Animals and Procedure 


One hundred and twelve adult male Swiss mice were 
used. They were singly housed in transparent Makrolon 
cages (33x 12x 18 cm). Housing conditions were essentially 
the same as described in Experiment I. Animals were main- 
tained in isolation for 8 days and were then used as subjects 
in the dominance-submission tests. The dominance- 
submission tests were conducted by pairing randomly two 
animals of about the same body weight in a neutral cage 
identical in construction to the home cages. The same pair of 
animals was tested 8 days later after bedding has been 
changed. Once an attack was displayed the test was contin- 
ued until a dominance-submission relationship was estab- 
lished. Those animals which had shown no aggressive behav- 
ior in the tests were eliminated from the study. The selected 
pairs were then housed under standardized conditions 
throughout the experimental period. Immediately after this 
social status test, the subjects in half of the cages were cas- 
trated while the remainder were sham-operated. One month 
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after surgery, the paired animals were tested for their attack 
on lactating or non lactating intruder introduced for 15 min- 
utes into their home-cages. Twenty eight lactating mice (as 
described in Experiment 1) and an equivalent number of non 
lactating (adult, virgin and cycling animals) subjects were 
used in the study. Both types of intruder were used here 
because it had become obvious through other studies [9] that 
castrated males exhibited much more vigorous attack on lac- 
tating than non lactating females. One major interest was to 
assess whether social status, as determined prior to gonadec- 
tomy might influence their differential attack responses in 
these females. The aggression testing procedure was as de- 
scribed in Experiment | but the measures recorded here in- 
cluded: (1) The number of biting attacks directed by the 
males towards the intruders females, and (2) The proportion 
(expressed as a percentage of the total number of animals 
showing aggression during the test trial) of males of each 
social status actually involved in the former attack response. 

Statistical evaluation of the only quantified measure was 
made by analysis of variance (ANOVA) for three factors, 
two independent (gonadal status and type of intruder) and 
one dependent (number of biting attacks). Each of the four 
categories of tested resident males produced fourteen differ- 
ent values of biting attacks. The proportions of dominant and 
subordinate males attacking the females were compared by 
using the Fisher's exact probability test. 


RESULTS 


The data for Experiment II are illustrated in both Fig. 4 
and Table |. 


Number of Biting Attacks 


The analysis of variance revealed a significant main effect 
of gonadal status, F(1,52)=20.80, p<0.01, but there was no 
significant effect of the type of intruder and the interaction 
between the two independent factors was also non-signif- 
icant. These results reveal that castrated males showed 
greater numbers of biting attacks on any type of female in- 
truder than sham-operated counterparts. 


Social Status of the Attacking Males 


Table 1 shows that dominant males (whether castrated or 
sham-operated) exhibited greater propensities to attack in- 
truder females than did subordinate counterparts. 


GENERAL DISCUSSION 


The results of Experiment | confirm former studies 
[11,12] showing that attack on lactating females is sexually 
dimorphic. Females appeared more aggressive than males 
towards lactating intruders, directing more biting attacks 
towards the intruders and attacking them with much shorter 
latencies. Female aggression remained stable in its incidence 
and intensity for at least one month after either prepubertal 
(day 15) or postpubertal (day 50) ovariectomy. This result 
confirms [7] that this behavior in mice is relatively independ- 
ent of estrogens (see also [3,4] for similar statement for social 
conflict in rats). In contrast Brain et al. [2] recently reported 
an increase in aggression towards lactating intruders in TO 
strain mice following gonadectomy. Differing genotype and 
the long period of isolation used in this study may have ren- 
dered these ovariectomized females more reactive to the 
stimulus novelty of lactating intruders. Indeed, Haug et al. 
[13] have suggested that the hormonal control of attack on 
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lactating females may vary with the strain of the mice. The 
present study also raises questions about the decrease in 
numbers of biting attacks on female intruders seen in 
grouped females when they are sham-operated on day 15 
(Fig. 2). As this finding was not replicated [7] it might be 
linked to intragroup variability rather than to early manipu- 
lation of the animals. In contrast, males appear more de- 
pendent on gonadal hormones for the control of this form of 
aggressive behavior. Thus, when subjects are castrated 
(either prepubertally or postpubertally), attack on lactating 
females is considerably increased, the number of attacks 
being markedly augmented (cf. Fig. 2) and the latency to the 
first attack being shortened compared with corresponding 
control groups (cf. Fig. 1). As a consequence of surgery, 
male castrated pre or postpuberally behave as aggressively 
as ovariectomized or sham-operated females when con- 
fronted with lactating females. This result appears unique in 
the widespread literature dealing with murine aggression. 
Indeed, it is often stated that testicular androgens are neces- 
sary for the normal display of male aggressive behavior [5,6]. 
This statement must now be considered cautiously as in the 
present situation castration increases the probability of ag- 
gression occurring. Experiment | also provides evidence of 
an association between the attack by males or females on 
lactating females and fighting between members of the resi- 
dent’s group. Indeed (see in Fig. 3), the introduction of lac- 
tating females into the home-cage of resident group-housed 
males or females not only stimulates attack on that intruder, 
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but also enhances intragroup fighting, (males more so than 
females). Interestingly, gonadectomy does not modify the 
aggressive interactions between the residents in either gen- 
der, a result which once again (especially in the case of 
males) is at variance with the oft cited role of gonadal hor- 
mones in aggression [5,6]. The observation (Experiment II) 
that a male’s prior social status may predetermine the effects 
of gonadectomy on its attack on female intruders supports 
the view that the relationship between hormones and ag- 
gression can be most complex. In contrast to dominant 
males, subjects that have been repeatedly defeated (referred 
to by Kemble e7 al. [14] as defensive experienced animals) 
very rarely attempt to attack lactating or non lactating female 
intruders. Castration may greatly enhance attacks on these 
females, but only by dominant males. In contrast to earlier 
findings where the animals were not subjected to prior ag- 
gressive experience [9], the attacking males did not differ in 
their patterns of attack on lactating and non lactating intrud- 
ers. This may reflect a change in sensitivity to the stimulus 
animals consequent upon positive reinforcement of aggres- 
sive experience (repeated victories) or a stimulus gener- 
alisation by the dominant males. 
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KLARIC, J. S. AND S. E. HENDRICKS. Effects of two-stage lesions of the medial preoptic area on sexual behavior of 
male rats. PHYSIOL BEHAV 37(4) 539-542, 1986.—The effects of lesions of the medial preoptic area (MPOA) on sexual 
behavior of adult male rats were examined. Bilateral lesions were performed in either one or two stages. Bilateral, but not 
unilateral, destruction of the MPOA virtually eliminated mounts, intromissions, and ejaculations. No sparing of the male 
rats’ sexual behavior was observed after two-stage MPOA lesions. 
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BILATERAL medial preoptic area (MPOA) lesions lead to 
severe decrements in mounts, intromissions, and ejacula- 
tions in many species including guinea pigs [17], rats [1, 4, 9, 
10, 14, 19, 20], cats [7], and dogs [5]. Unilateral MPOA le- 
sions, however, do not affect male sexual behavior ([6, 10, 
19]; but see [2]). 

A number of experimental variables can mitigate the ef- 
fects of brain lesions. Behavioral effects may be lessened 
when CNS lesions are produced at a younger age [11]. Con- 
sistent with this finding, bilateral MPOA lesions produced in 
prepuberal male rats are less likely to affect adult sexual 
behavior [15,20]. However, prepuberal MPOA lesions se- 
verely disrupts adult sexual behavior in dogs [8]. Also, CNS 
lesions produced in stages during adulthood may diminish 
behavioral effects compared to similar damage produced 
precipitously [3,18]. However, two-stage lesions in the me- 
dial preoptic-anterior hypothalamic (MP-AH) continuum of 
adult male cats disrupts sexual behavior in a manner com- 
parable to single-stage lesions [6]. 

Whether sexual behavior of adult male rats is spared after 
two-stage lesions is not known. Thus, we sought to deter- 
mine if sparing of rats’ male sexual behavior, as happens 
after prepuberal lesions, would occur after two-stage MPOA 
lesions. 


METHOD 
Subjects 


Subjects were 30 male Long-Evans and two albino rats 
that had been bred in our vivarium and had ejaculated at 
least once during a screening test. Rats were approximately 
120 days old at the time of initial surgery and mean body 
weight was approximately 300 g. Rats in each Lesion Condi- 
tion were housed in groups of two or three; a 14:10 light-dark 
cycle (lights on between 2200 and 1200 hr) was maintained. 
Food and water were available ad lib. 


Experimental Design 


Except for the two albino rats, animals were randomly 
assigned to the One-Stage, Two-Stage, or Sham conditions. 
One albino rat each was assigned to the One-Stage and Sham 
conditions. Rats in all conditions underwent surgery in two 
sessions separated by a 28-day interval. During the first sur- 
gical session (Day 0), bilateral lesions of the MPOA were 
performed in rats in the One-Stage condition (n= 14). Rats in 
the Two-Stage condition (n= 12) sustained unilateral lesions 
of the MPOA. The side to be lesioned was determined ran- 
domly so that one-half of the Two-Stage rats first received 
lesions in the right MPOA. Rats in the Sham condition 
underwent sham procedures (n=6). During the second surgi- 
cal session (Day 29), Two-Stage rats had their second lesions 
placed contralaterally to those sustained during the first 
stage. Sham procedures were performed on rats in the 
One-Stage and Sham conditions. 

The effects of lesions on sexual performance were as- 
sessed during three weekly preoperative tests, four weekly 
interoperative tests, and three weekly tests after the second 
surgery. Rats in the Two-Stage condition were given a fourth 
test after the second surgery. Behavioral testing was begun 7 
days after each surgical session. 


Surgery 


After rats had been anesthetized (Chloropent, 0.3 ml/100 
g body weight, IP) and positioned in a Kopf stereotaxic de- 
vice, lesions were produced using a radio-frequency lesion 
generator. Lesion coordinates, derived from the Pellegrino 
and Cushman atlas [16], were: 1.6 mm anterior to bregma, 
1.0 mm on either side of the mid-sagittal suture, and 7.7 mm 
ventral to the dura. The electrode was insulated except for 
0.5 mm at the tip. To produce the lesion, tissue temperature 
at the tip was maintained at 54°C for 60 sec. Sham proce- 
dures consisted of administration of anesthetic, alignment in 
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the stereotaxic device, bilateral removal of bone directly 
above the projected lesion coordinates, and dura measure- 
ment; the electrode was not lowered into the brain. 

After surgucal procedures, Gelfoam was placed into the 
drill holes and a broad-band antibiotic (Combiotic, 0.05 ml, 
IM) was administered. During postoperative periods, rats 
were housed singly in polyethylene cages; wet mash, consist- 
ing of powdered Wayne Lab Blox in a 3% (weight/volume) 
sucrose solution, was available. 


Behavior 


All tests were conducted during the dark period of the 
light-dark cycle and lasted 30 min. Male rats were placed 
singly into semicircular observation chambers (radius: 34 
cm; height: 24 cm) in a dimly-lit room for 10-min adaptation 
periods. Ovariectomized female rats, made estrus by injec- 
tions (IM) of 5 wg estradiol benzoate followed 45 hr later by 
0.5 mg progesterone, were introduced singly into the cham- 
bers. Mating tests began 4 hr after the injection of 
progesterone. Male mounts, intromissions, and ejaculations 
were registered on a microprocessor that stored both re- 
sponse type and time. 

The frequency of the following behaviors was recorded: 
(1) male mounts, with or without pelvic thrusting; (2) intro- 
mission patterns, characterized by pelvic thrusting and geni- 
tal licking; and (3) ejaculation patterns, characterized by 
deep pelvic thrusting. Three temporal parameters of sexual 
behavior were also obtained: (1) /atency to first response, the 
time elapsed between introduction of the stimulus female 
and the male's first sexual response; (2) sequence duration, 
the time elapsed between the first sexual response of a 
copulatory series and the ejaculation terminating that series; 
and (3) post-ejaculatory interval (PEI), the time elapsed be- 
tween an ejaculation and the first sexual response by the 
male in the next copulatory series. 

Data from each test were analyzed to derive response 
frequencies, latency to first response, mean sequence dura- 
tion, and mean PEI [13]. Differences in mounts, intromis- 
sions, and ejaculations were tested by unweighted means 
solutions to 3x 10 analyses of variance [12]. Rats with bilat- 
eral MPOA lesions were excluded from analyses of latency 
to first response, sequence duration, and PEI. When signifi- 
cant F-ratios were obtained, Neuman-Keuls multiple range 
comparisons were used to compare treatment level means. 


Histology 


After the last behavioral test, rats were injected with a 
lethal overdose of Chloropent and perfused intracardially 
with 0.9% (weight/volume) saline followed by 10% (vol- 
ume/volume) formalin. Brains were excised, kept in 10% 
formalin for at least 48 hr, and 20 yu frozen sections were cut. 
After sections had been wet-mounted on slides, photographs 
were made through the lesioned area with the tissue as the 
negative. Areas of maximum lesion extent, as well as the 
most anterior and posterior lesion extents, were traced onto 
atlas diagrams [16]. 


RESULTS 
Histology 


In the One-Stage condition, four rats died after either the 
first or second stage; further, two rats were sacrificed during 
the experiment due to sickness. Lesions destroying less than 
half of the MPOA were observed in three rats. Data from five 


KLARIC AND HENDRICKS 


rats that survived in good health and with lesions destroying 
more than half of the MPOA were analyzed (Fig. 1). De- 
struction by One-Stage lesions extended rostrally to the 
diagonal band of Broca and caudally to the anterior hypotha- 
lamic area. Damage was observed laterally, in the preoptic 
area, and dorsally, in lower medial septum and bed nuclei of 
the anterior commissure. In one animal, the optic chiasm 
immediately subjacent to the third ventricle was damaged. 

Among rats in the Two-Stage condition, one rat died after 
the first stage, and two rats were sacrificed because of sick- 
ness. Two-stage lesions were considered accurately placed 
when bilateral MPOA lesions were observed during histol- 
ogy. Bilateral MPOA lesions were observed in 4 Two-Stage 
lesioned rats, all of which survived in good health. Two- 
Stage MPOA lesions extended rostrally to the diagonal band 
of Broca and caudally to the anterior hypothalamic area. 
Damage extended laterally to the preopitc area, and dorsally 
to the anterior commissure and lateral parolfactory area. 


Sexual Behavior 


Rats lesioned bilaterally in the MPOA exhibited severe 
decrements in ejaculation frequencies (Fig. 2). Significant 
differences in ejaculation frequency were shown among Le- 
sion Conditions, F(2,12)=88.8, p<0.001, and across Tests, 
F(9,18)=25.1, p<0.001. The Lesion Condition x Test in- 
teraction was significant, F(18,108)=17.5, p<0.001. Simple 
main effects analyses showed that no significant differences 
in ejaculation frequency among Lesion Conditions were ob- 
served during preoperative tests. In behavior tests during the 
interoperative interval, rats in the One-Stage condition 
ejaculated less frequently than rats in both Two-Stage and 
Sham conditions (all ps<0.01). During this interval, Two- 
Stage lesioned rats did not differ significantly from rats in the 
Sham condition. 

When bilateral MPOA lesions were completed during the 
second surgery, rats in both One-Stage and Two-Stage con- 
ditions ejaculated less frequently than rats in the Sham con- 
dition (all ps<0.01). Further, the ejaculation frequency of 
One-Stage lesioned rats did not differ from that of Two-Stage 
lesioned rats. 

Intromission frequency was also affected by MPOA le- 
sions; significant Lesion Condition, F(2,12)=19.9, p<0.001, 
Test, F(9,108)=25.4, p<0.001, and Lesion Condition x Test 
interaction effects, F(18,108)=8.7, p<0.001, were obtained. 
No significant differences in intromission frequency were 
seen among Lesion Conditions during preoperative tests 
(Table 1). During interoperative tests, One-Stage lesioned 
rats performed fewer intromissions than rats in either the 
Two-Stage or Sham conditions (all ps<0.01), while Two- 
Stage rats exhibited more intromissions than those in the 
Sham condition (all ps<0.05). 

After the completion of bilateral MPOA lesions, both 
One- and Two-Stage lesioned rats intromitted less frequently 
than Sham rats (all ps<0.01). One- and Two-Stage lesioned 
rats did not differ significantly in intromission frequency. 

The effects of MPOA lesions on mount frequency were 
demonstrated by significant Lesion Condition, F(2,12)= 
11.5, p<0.01, Test F(9,108)=13.6, p<0.001, and Lesion 
Condition x Test interaction effects, F(18,108)=5.5, 
p<0.001. No significant differences in mount frequency were 
obtained among Lesion Conditions during preoperative tests 
(Table 1). In interoperative tests, rats in the One-Stage con- 
dition mounted less frequently than rats in either the Two- 
Stage or Sham conditions (all ps<0.01). 





MPOA LESIONS 


FIG. 1. Photomicrograph of a MPOA lesion in an adult male rat. Notch in neocortex indicates animal's right 
hemisphere. 


TABLE | 


EFFECTS OF MPOA LESIONS ON MALE SEXUAL BEHAVIORS 
(MEAN + SEM) 





Preoperative Interoperative Postoperative 
Tests Tests Tests 





Intromission Frequency 
Sham 21.9 2.03 
One-Stage 18.2 2.97 
Two-Stage 16.4 3.01 
Mount Frequency 
Sham 13.5 
ae Be ae One-Stage 17.6 3.41 
, Two-Stage 11.7 1.00 
qs 3 862°S 8 ze 8 2 Latency to First Response(s) 
TESTS Sham 18.06 + 4.10 
FIG. 2. Mean ejaculation frequencies (+SEM) across Tests are One-Stage 14.33 + 4.15 
shown. Decrements in ejaculation frequency from Sham levels fol- Two-Stage 30.75 + 23.53 5.07 
low completion of bilateral MPOA lesions, after Tests 3 (One-Stage) Sequence Durations(s) 
and 7 (Two-Stage). Arrows indicate when lesions were produced. (@) Sham 212.78 + 20.33 26.20 207.98 + 37.35 
Preop (15); (O) One-Stage (5); (@) Two-Stage (4); (A) Sham (6). One-Stage 363.61 + 27.61 _ 
*p<0.01. Two-Stage 293.61 + 38.89 23.44" 
PEI(s) 
Sham 374. 10.00 10.82 411.08+ 9.404 
One-Stage 380.70 + 27.29 —_ 
Two-Stage 350.14 + 33.91 363. 26.78 — 


i+ + I+ 


1.88 


EJACULATION FREQUENCY 





+ I+ I+ 
+ I+ I+ 








*p<0.05, compared to the Sham condition. 
tp<0.01, compared to the Two-Stage and Sham conditions. 
tp<0.01, compared to the Sham condition. 
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After the completion of bilateral MPOA lesions in Two- 
Stage lesioned rats, both One- and Two-Stage lesioned rats 
mounted less frequently than Shams in 2 tests (ps<0.01). 
One-Stage lesioned rats did not differ significantly from 
Two-Stage lesioned rats during these tests. In an additional 
postoperative test, Two-Stage rats did not mount. 

During preoperative tests, latency to first response did 
not differ among Lesion Conditions or across Tests. Mean 
sequence duration and mean PEI differed significantly 
across preoperative Tests [for sequence duration, 
F(2,24)=7.44, p<0.01; for PEI, F(2,24)=4.03, p<0.05], but 
not among Lesion Conditions (Table 1). After mean se- 
quence durations during preoperative tests had been pooled 
across Lesion Conditions, Newman-Keuls comparisons 
showed that mean sequence durations in Test | were signifi- 
cantly longer than those in both Tests 2 and 3 (ps<0.01). 
Newman-Keuls comparisons of mean PEIs pooled across 
Lesion Conditions showed that PEIs in Tests 1 and 3 were 
significantly longer than those in test 2 (ps<0.05). 

During interoperative tests, Two-Stage rats had signifi- 
cantly longer sequence durations than Sham rats during each 
test, F(1,8)=6.25, p<0.05. No significant Lesion Condition, 
Test, or Lesion Condition x Test interaction effects were 
observed in either latency to first response or PEI. 


DISCUSSION 


Previous demonstrations of deficits in sexual behavior of 
male rats following one-stage bilateral MPOA lesions were 
replicated in this experiment. Mount, intromission, and 
ejaculation frequencies were also significantly reduced after 
two-stage MPOA lesions. Mount and ejaculation frequencies 
by Two-Stage rats after the first surgery did not differ from 
Sham rats. Further, these rats both intromitted more fre- 
quently and had longer sequence durations than Sham rats. 


KLARIC AND HENDRICKS 


However, an attempt to replicate this observation was un- 
successful (unpublished observations). 

Neither sparing nor recovery of male sexual behavior fol- 
lowing two-stage bilateral MPOA lesions produced in adult 
rats was observed on any response measure. The decre- 
ments in mount, intromission, and ejaculation frequencies 
after two-stage MPOA lesions in this study replicate and 
extend the generalizability of the finding that two-stage 
MP-AH lesions in adult male cats abolish male sexual behav- 
ior [6]. A caveat must be noted for this and other studies 
employing multiple-stage CNS lesions, particularly those re- 
porting no behavioral differences between single- and 
multiple-stage lesions. So far as we know, there is no 
method, histological or otherwise, for confirming that a CNS 
structure was lesioned in stages and that each lesion was of 
the intended size. Because rats in the Two-Stage lesion con- 
dition mated after the first surgery, we are confident that the 
MPOA was not completely destroyed at that time. It is 
possible, although unlikely, that the first surgery spared the 
MPOA and that the second surgery caused all of the MPOA 
damage observed. 

To date, the only MPOA lesion procedure reported that 
spares male sexual behavior involves the production of pre- 
puberal lesions in rats. Sparing was obtained in lesioned rats 
raised in heterosexual groups [20] or homosexual dyads [15], 
or in singly-housed rats only if they were given extensive 
handling [15]. Such plasticity in male sexual behavior after 
MPOA lesions is yet to be demonstrated with any other pro- 
cedure or species. 
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MOUZE-AMADY, M., P. SOCKEEL AND P. LECONTE. Modification of REM sleep behavior by REMs contingent 
auditory stimulation in man. PHYSIOL BEHAV 37(4) 543-548, 1986.— Following studies about supposed relationship 
between rapid eye movement sleep (REM sleep) and learning, a new approach, based on operant conditioning is intro- 
duced. We demonstrate that rapid eye movements (REMs) contingent auditory stimulation in man leads to some consistent 
(quantitative and qualitative) modifications of REM sleep behavior. Stimulating REMs in the frame of a continuous 
reinforcement schedule increases total REM sleep duration but decreases REMs density, and modifies hemispheric EEG 
symmetry. The contrasting effects of such sensory stimulations and results related to information processing hypothesis are 


discussed. 
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Operant conditioning 
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IT has been reported that rapid eye movement sleep (REM 
sleep) may be involved in learning processes [10,12]. More 
precisely, some results show that acquisition of any complex 
skill leads to an increase of the subsequent REM sleep time 
of the subject (at least in the animal [10]), and especially just 
before learning completion [1]. 

In man, some qualitative aspects of REM sleep (phasic 
events) are related to learning performance. The oculomotor 
activity during this behavioral state seems to take a 
prominent part. The number of rapid eye movements 
(REMs) with interresponse times (IRTs) less than | second is 
correlated with skill success and/or mental efficiency [8, 9, 
14, 20). 

From such experimental data the information processing 
hypothesis (IPH) has arisen, which can be formulated as 
follows: one biological function of REM sleep, if not only 
one, is to ensure daily information processing. In a learning 
context, the temporal distribution of REMs may reflect the 
subject’s ability to increase his order/noise ratio from en- 
vironmental information input [15]. 

In order to expand the above-mentioned studies, about 
REM sleep and learning, we proposed a new approach based 
on the experimental analysis of behavior [19] (i.e., operant 
conditioning methodology). Since, in the animal, consider- 
able evidence indicates that acquisition of classical con- 
ditioned responses may occur during REM sleep [2] and, that 
REMs contingent activities (i.e., ponto-geniculo-occipital 
spikes) may be conditionable [5]. Consequently, we postu- 


late that in man, some particular operant shaping contingen- 
cies (i.e., involving both reinforcement and punishment pro- 
cedures [6]) can influence REM sleep. 


METHOD 


Four male students (23—24 years old with no history of 
neurological disease or brain damage) were polygraphically 
recorded (ECEM 2.3G, A6) for 3 consecutive nights: habitu- 
ation, baseline and experimental night. Stick-on electrodes 
(ECEM E670) were placed at T3-01 and T4-02 (following the 
10-20 standard system) with grounded frontal electrode. 
The time constant for the EEG signals was set at 1 sec with 
an upper cut off frequency at 50 c/sec. Eye movements were 
recorded from electrodes (ECEM Stabile 300) fixed above 
and below the right ocular epicanthus for the vertical EOG 
and on the left and right outer canthi for the horizontal EOG. 
EMG (surface electrodes below the chin) and EKG (ECEM 
E670 fixed with artificial skin OpSite Wound, Smith & 
Nephew 10x24 No. 4963) were also recorded for REM sleep 
detection. 

Sleep stages were classified according to standard criteria 
[17]. From the 8 recording channels, the horizontal EOG was 
selected for experimental control. This channel provided, via 
a REMs detector (INSERM, Semi Lyon, TO30), a digital 
signal which generated, during the third night, an audio feed- 
back (40 msec duration) from a white noise generator 
(Motorola, MM 5837). The auditory stimulation was fed 
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FIG. 1. Experimental apparatus. 





| | LiL i | | il i baad an ga Per eee 


WU Aas 
ce a 


") | Md 
MN ii 
TERE ll Us aad ald nth pa fa, : 














eo asl, 








ae a 








eo 


VVXG43. Spx 


FIG. 2. Example of relative power spectra. The figure relates to 6 consecutive FFT calculations performed within a 60 sec signal sample, from 
left hemisphere of subject “VV” in experimental night (X). 
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TABLE | 


QUANTITATIVE RESULTS: COMPARISONS BETWEEN BASELINE AND EXPERIMENTAL DATA IN 4 
SUBJECTS 





Subject |! 


Base. 


Subject 2 


Subject 3 Subject 4 


Exp. Base. Exp. Base. 





Number of 
REM periods 

Total REM 
sleep duration 
(min) [1] 

Mean REM 
period duration 
(min) 

REM sleep/ 
Total sleep 
(%) 

Total number 
of REMs [2] 

Total Density 
per min 
({2)/{1}) 


118.46 


5 4 6 


145.33 139.20 162.10 


30.08 





through mini headphones (Kenwood KH-MS5, 70~92 dB 
range intensity). This channel also allowed computer (Com- 
modore CBM 8000) interrupts for REMs counting and real 
time burst detection (Fig. 1). 

For subject 4, right and left hemisphere EEG signals were 
digitized on line during the REM sleep periods. The A/D 


converter, built around an AD 7574 chip (Analog Devices) 
and controlled by a microprocessor, was activated by the 
experimenter. The procedure used for FFT computation [3] 
required a 10.24 sec conversion period at a 102.4 c/sec sam- 
pling rate. To provide for removal of epochs containing ar- 
tifacts (generally muscle discharges), 6 consecutive EEG 
samples (for each left and right montage) were recorded 
without any gap. After disk storage completion the proce- 
dure was reactivated during the whole REM period. 


Spectral Analysis of the EEG 


Spectral analyses were performed on EEG data (within 
the REM sleep periods) recorded during the baseline and the 
experimental night in subject 4 as an exploratory study. 

Prior to any computation, a collaborator, blind to the ex- 
perimental conditions, reviewed on a CRT terminal each of 
the EEG records for artifact identification. The epochs con- 
taining more than 5% artifacts were deleted. The remaining 
samples were filtered with a recursive digital filter simulating 
a Tchebycheff bandpass filter (1.1-35 c/sec) with a 36 
dB/octave rolloff. The relative power spectra (Fig. 2) were 
calculated (BFM 186 computer, YE DATA) by the FFT 
method on 1024 channels (Nyquist frequency: 51.2 c/sec and 
resolution frequency: 0.1 c/sec. To extract relevant informa- 
tion, only the first 300 channels (up to 30 c/sec) were taken 
into account for further investigation. 

In order to track the amplitude variations of specific fre- 
quencies, the relative power of the 300 FFT channels were 
packed into 15 bands of 2 c/sec width, providing facilities for 
statistical analysis on the 320 computed spectra (about 20 
min of signal in each night condition). 


RESULTS 
Quantitative Aspects 


As shown in Table 1, REMs contingent auditory stimula- 
tion leads to some consistent modifications in REM sleep 
behavior. 

We observed that the total REM sleep duration was in- 
creased to a great extent (16.45%~ 56.62%). In all subjects 
the number of REM sleep periods was increased: more pre- 
cisely, subjects 1, 2 and 4 showed both an increase in number 
of REM sleep epochs (by one unit) and in mean REM sleep 
period duration, whereas subject 3 showed a decrease in 
mean REM sleep phase duration but an increase of 2 REM 
sleep phases. 

Moreover, we noticed a drop in REMs density 
(—15.71%~—77.94%) for each subject. This fall seemed to be 
correlated with the REM sleep ratio increase (Fig. 3): the 
more important the increase in the REM sleep ratio, the 
greater the decrease in the REMs density. 


Qualitative Aspects 


The main activity was found in the first 3 bands (0 to 6 
c/sec) but no significant result stood out from the different 
sources of variation (REM sleep stages, baseline/experimen- 
tal nights) except an interhemispheric asymmetry as re- 
ported in Fig. 4. 

Considering the statistically significant comparisons 
(Student’s f-test), the most important finding is an absence of 
lateralized difference during baseline night with a disruption 
of this interhemispheric balance on the experimental night 
for REM periods 2 to 4. 

This electrical activation of the left derivation was most 
evident after later analysis of variance on each different 2 
c/sec band (only the first 4 REM sleep stages of the 2 nights 
were included for the ANOVA design). Strong lateralization 
tendencies were observed in the 8-10 c/sec channel (corre- 
sponding to alpha 1 band), F(1,300)=8.34, p<0.01, with a 
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FIG. 3. Comparisons between REM sleep and REMs activity mod- 
ifications. Open columns: % of REM sleep increase; lined columns: 


% of REMs activity impairment. 


significant interaction between night condition (baseline ver- 
sus experimental) and right/left derivations, F(1,300)=5.71, 
p<0.05, and between these 2 sources of variation and REM 
sleep period, F(3,300)=2.76, p<0.05. 

Figure 5 shows the mean differences in this band through 
REM sleep stages: the left electrical response occurs in the 
second REM epoch (middle of the experimental night), 
F(1,300)=21.22, p<0.01, with a further tendency to fade out. 


DISCUSSION 
Quantitative Modifications 


On the basis of our experimental data it can be pointed 
out that REMs contingent auditory stimulation increases 
REM sleep. Behaviorally speaking, the auditory stimulus, on 
a continuous reinforcement schedule (REMs contingent), is 
a positive reinforcer of tonic REM sleep behavior. We simi- 


larly note that the stimulation is a positive punishment (i.e., 
contingencies which, added (positive) to a situation, de- 
crease the probability of the response [6]) for 100 ~V horizon- 
tal REMs. 

Our results are consistent with Drucker-Colin’s findings 
[5] in the animal, in which it was suggested that a sensory 
signal could act as a REM sleep reinforcer. 

Nevertheless, in order to explain the contrasting effects 
of the stimulation it may be necessary to examine the fine 
grain of REMs behavior as indicated by a detailed interre- 
sponse times (IRTs) analysis, since the ‘‘fine structure of 
operant behavior during transition states . . . may specify the 
precise control of how discriminations develop”’ [21]. REMs 
IRTs analysis are in progress in our laboratory. 

Furthermore, one can expect, from such analysis, to find 
an operational definition of REMs bursts. 

From a theoretical point of view, as previously related 





OPERANT MODIFICATION OF REM SLEEP 


LEFT - RIGHT 
1 

















SSS eeaw 


15 3BvVNGB cle 











1 2 3 


. eae baseline night 


experimental 
night 











ee eo 


FIG. 4. Distribution of REM sleep relative EEG power asymmetry (left minus right hemisphere) in baseline night and experimental night. 
Darkened columns show the significance differences at t-test for p<0.01. 


[11], REMs activity can be considered as an autonomous 
behavior. Thus the contrasting effects of the auditory 
stimulus are not inconsistent. REMs activity and REM sleep 
are two classes of responses. 

In this case, the question becomes: first, is there some 
stimulus (possibly a task, see below) which is punishing (or 
without perceptible effects) for REM sleep behavior and 
reinforcing for REMs activity?; second, what is the func- 
tional relationship between REMs density and REM sleep 
rate when stimulation is response-dependent (i.e., REMs 
contingent)? Experimental designs have already been de- 
vised in order to try and solve this question. 


Qualitative Modifications 


Following Goldstein’s first results [7], a number of studies 
examined dominance of homologous brain areas or interhem- 
ispheric asymmetry relationship during sleep, assuming that 
electrophysiological changes were related to behavioral 
states. With respect to the integrated EEG amplitude from 
left and right hemisphere or the electrical power in a specific 
band of frequencies, it is generally agreed that a higher am- 
plitude indicates less hemispheric involvement [16]. Accord- 
ingly, it was reported that power asymmetry during sleep 
was related to handedness [4,18]: right handed subjects 
showed a relative right activation in REM sleep, especially in 
the alpha band—consistent with mediation of visuo spatial 
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FIG. 5. REM sleep relative EEG asymmetry (% left minus right 
hemisphere) in the 8-10 c/sec band. Calculations were performed for 
each period over the first 4 REM sleep epochs during baseline (dot- 
ted line) and experimental night (full line). 
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processes—while the phenomenon was reversed in the left 
handed [13]. 

The baseline night of subject 4 (right handed) failed to 
show any hemispheric dominance, except a slight left ac- 
tivation in period 2 and 3. In contrast, the significant increase 
of relative right activity on the experimental night may be 
related to the auditory stimulation conditions (primarily per- 
ceptual processes). With allowance for necessary replica- 
tion, the quantitative data of this study (number of REM 
sleep periods, REM sleep duration) and the subjects’ report 
on awakening the following morning are consistent with the 
assumption that such a reinforcement procedure may im- 
prove sleep quality. 

In conclusion, our results suggest the existence of a rela- 
tionship between tonic and phasic aspects of REM sleep, 
since a decrease of REMs density is linked with an increase 
of REM sleep duration. With reference to the IPH paradigm, 
we reported that, in man, learning a calculating skill in Basic 
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language involved a significant increase of REMs density 
without modification in the REM sleep duration [20], 
whereas learning Morse language involved an increase of 
REM sleep periods without modification of REMs activity 
(Mandai et al., in preparation). Such effects could be due to 
the nature of the tasks: visuo-semantic versus auditory skill, 
but in both situations, learning involved an increase in the 
absolute number of phasic events: in the first case by 
lengthening the period in which phasic events occur, in the 
second case by increasing frequency of phasic events, which 
is a hypothetical expression of cerebral activation necessary 
for information processing. 

The results described in this paper show that operant 
methodology can make the relationship between REM sleep 
and REMs characteristics clearer. Moreover, it justifies the 
possibility of some experimental control of information pro- 
cessing through the instrumentality of phasic and/or tonic 
REM sleep components conditioning. 
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GROSS, E. A. AND H. M. SINNAMON. Tuctile stimulation inhibits locomotion produced by stimulation of the lateral 
hypothalamus in the anesthetized rat. PHYSiOL BEHAV 37(4) 549-554, 1986.—Rats were anesthetized with Nembutal 
and suspended in a stereotaxic apparatus so that their limbs contacted the outer surface of a 30-cm diameter wheel. 
Stimulation in the lateral hypothalamus (0.5 msec cathodal pulses at 50 Hz, up to 150 wA) produced locomotor stepping 
which turned the wheel. During continuous locomotion maintained by electrical stimulation, tactile stimulation was applied 
manually for 5-sec periods to various body regions in six subjects. Profound inhibition of locomotor stepping was produced 
in all subjects by mild pressure applied to the nose or the vibrissae pad. Vibrissae pad stimulation either ipsilateral or 
contralateral to the stimulation site was effective. Stroking of the vibrissae inhibited locomotion in only 2 of 6 subjects and 
in these cases the effective stimulation was contralateral to the brain stimulation site. With pressure applied to more caudal 
body regions, including the dorsum, the abdomen and the tail, the inhibition was less pronounced and less consistent than 
that produced by pressure on the snout region. The findings indicate that the tactile system provides an important 


modulation of locomotion and that the anesthetized locomoting rat offers a useful preparation for its further study. 


Locomotion Tactile system Inhibition 


Lateral hypothalamus 





IN the course of studies of locomotion elicited by electrical 
stimulation of the brain in the anesthetized rat [14,17], it was 
observed coincidentally that tactile stimulation could exert a 
profound inhibition of the stepping. The strength and 
reliability of this depression suggested that it warranted 
further study. The purpose of this investigation was to 
examine this phenomenon using locomotion produced by 
lateral hypothalamic stimulation. To determine the reliability 
of the tactile inhibition, we tested six subjects, each with a 
single hypothalamic locomotor site, with a systematically 
applied series of tactile stimuli. In one test sequence, we 
compared the magnitude and consistency of the inhibitory 
effects of stimuli applied to various body regions. In a 
separate test, we compared ipsilateral and contralateral 
tactile stimulation to the vibrissae, the vibrissae pad and the 
abdomen to determine if the side of tactile stimulation 
interacted with the site of locomotor stimulation. 


METHOD 
Subjects and Surgery 


Male Sprague-Dawley rats (N=6) weighing between 350 
and 450 grams were used. After initial anesthesia by 
halothane (1% at 1 I/min) and Nembutal (35 mg/kg 
intraperitoneally) the rat was mounted in a stereotaxic 
apparatus. The scalp was incised and no more than 0.1 cc of 
lidocaine (2% with epinephrine) was injected into the 





‘Requests for reprints should be addressed to Harry M. Sinnamon. 


incision. Holes were drilled in the skull to receive the 
stimulation electrodes (125-~m diameter tungsten insulated 
with Epoxylite) and stainless steel screws that served as a 
diffuse anode. The rat’s rectal temperature was monitored 
and maintained by a heat lamp. Following surgery the 
halothane was discontinued and maintenance injections of 
Nembutal (7.5 mg/kg) were administered so as to maintain 
the rat at a constant moderate level of anesthesia. 
Indications for an injection included excessive extensor tonus 
during locomotion, the interruption of locomotion by pelvic 
flexion and forepaw downward extension and spontaneous 
movements in the absence of brain stimulation. 


Apparatus 


The anesthetized rat was held in the stereotaxic apparatus 
and suspended over a wheel which had a diameter of 30 cm 
and a surface width of 10 cm. For five of the six rats, the 
head was held by earbars and a bitebar. The noseclamp of 
the bitebar was inverted in order to facilitate tactile 
stimulation of the snout. The thorax and abdomen were 
supported by a sling and the tail was suspended with tape 
equidistantly between the two extended siderails of the 
stereotaxic apparatus. The sixth rat was tested without 
earbars, its head was held by the incisors in the bitebar and 
by a sling around the neck. When the subjects were at rest, 
the hindlimbs hung in passive extension with their anterior 
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aspects in contact with the surface of the wheel. The 
forelimbs also extended with the flexed digits touching the 
wheel. When the rat stepped, the ventrum of the paws 
contacted the suface and rotated the wheel. A magnetic 
switch detected the wheel movement (resolution: 1/6 
revolution). The wheel counts were recorded as a cumulative 
record with a reset every 5 sec on a polygraph. 


Locomotor Brain Stimulation 


For five of the six subjects, a locomotor site in the lateral 
hypothalamus was found by lowering an electrode and testing 
at 200 um steps until a site was found that yielded a rate of 
locomotion of 1-2 wheel counts/sec. The stimulation 
consisted of 0.5 msec cathodal pulses at a frequency of 50 
Hz, currents up 150 wA and durations up to 30 sec. The 
electrode was fixed to the skull with dental cement. For the 
sixth rat, the stimulation electrode was implanted chroni- 
cally 1.5 months previously and determined to yield 
locomotion in tests without anesthesia. This rat was used 
for tests without the earbars. 


Testing Procedure 


General features. Two test series of tactile stimulation 
were performed, the first to compare the effects of 
stimulation at different body regions and the second to 
compare the effects of ipsilateral and contralateral stimula- 
tion at homologous regions. In both test series, which were 
approximately of 10-min duration, locomotion was main- 
tained by continuous hypothalamic stimulation at a current 
that produced sustained locomotion at a rate between 1-4 
wheel counts/sec in the absence of tactile stimulation. The 
locomotion was characterized by bilateral hindlimb stepping 
of sufficient force to turn the wheel and synchronous 
stepping of one or both forelimbs which was frequently less 
forceful. Within each test, a series of 5-sec periods of tactile 
stimulations was presented. Each tactile stimulation period 
followed a minimum of 20 sec of baseline locomotion. A rest 
interval with no stimulation of 5-20 min separated the two 
tests. If the rat did not show sustained stepping during a test, 
a rest period was given. The currents used for hypothalamic 
stimulation ranged between 60 and 150 yA for the six rats; 
approximately the same currents were used for the two tests 
in a given rat. 

Body region tests. For all six rats, tactile stimulation was 
applied manually to the snout, the vibrissae, the vibrissae 
pad, the skin over the cervical spine and the tail. Four rats 
received additional tactile stimulations of the back and 
lateral abdominal skin. The order of presentation of the 
individual stimulations was randomized for each subject. 
The intensity of the stimulation could be characterized as 
mild pressure; it was well below the intensity that would 
elicit any aversive behavior in these lightly anesthetized 
subjects. The locations of the tactile stimulations are 
illustrated in Fig. 1 and proceeding counterclockwise from 
the upper right of the figure, the methods of application were 
as follows: 

Press vibrissae pad, a bilateral or unilateral press applied by 
the experimenter’s index fingers; 

Press nose, applied by the index finger; 

Stroke vibrissae, bilateral or unilateral strokes applied at a 
rate of 5 Hz by the index fingers; 

Cervical pinch and _ pull dorsally, two different 
stimulations—a pinch applied by the thumb and index finger 
given alone or in combination with a pull (2-5 cm); 
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Thoracic pinch and pull dorsally, 
stimulation; 

Abdominal pinch and pull laterally, same as previous 
stimulation; 

Lumbo-sacral pinch and pull dorsally, same as previous 
stimulation; 

Pinch tail, applied at the midpoint by the thumb and index 
finger. 

Laterality test. The purpose of this test was to determine 
if the effect of lateralized tactile stimulation related to the 
side of the brain stimulated. Three body regions were tested 
separately with the methods described above; they were the 
vibrissae, the vibrissae pad and the lateral abdominal skin. 
For each region, tactile stimulation was applied on the 
ipsilateral (I) and contralateral (C) sides in the order: I, C, C, 
I, I, C. The order of testing for the three body regions was 
random. 


same as previous 


Histology 


Following testing the rat was injected with a lethal dose of 
Chloropent and perfused through the heart with normal 
saline followed by 10% Formalin. The brain was fixed for 
several days with electrodes in place and sectioned (64 um) 
on a cryostat microtome. The sections were examined at a 
magnification of 23 times and projected on drawing. adapted 
from the atlas of Paxinos and Watson [13]. 


RESULTS 
Overview 


Figure | shows the inhibitory effects of tactile stimulation 
on locomotion in a typical subject. The effect of each 
stimulation is represented by the insets plotting the wheel 
counts for 5-sec periods (bins) before, during and after the 
stimulation. The horizontal line below each plot provides a 
reference at which wheel counts per bin equal zero. The two 
bins preceding the stimulation bin provided the baseline 
rate. Reductions during the tactile stimulation of more than 
33% of the baseline rate were considered inhibition and are 
represented by large circles on the plots. When the rate 
during the stimulation bin did not reach this criterion, the 
data point is represented by a smaller symbol. 

At the upper right of Fig. 1 it can be seen that mild 
pressure on the vibrissae pad produced a marked inhibition 
of locomotion which recovered by the second 5-sec bin after 
the tactile stimulation. Depression of locomotion also was 
produced by pressure on the nose (upper center of the figure) 
but not by unilaterally stroking the vibrissae (upper left of 
figure). Proceeding down the left side of Fig. 1, it can be seen 
that pinching and pulling the skin on the dorsal aspect also 
inhibited locomotion but that pinching and pulling the skin 
on the lateral abdomen did not. Finally, pinching the tail was 
also an effective inhibitor of locomotion (lower right of 
figure). 


Intersubject Consistency of Tactile Inhibition 


Tactile pressure on the snout consistently inhibited 
locomotion but other types of stimulation produced less 
reliable effects. Figure 2 shows in graphic form the responses 
of the six subjects to tactile stimulation at various body 
regions. Not all of the tests given a particular rat are shown, 
i.e., the unilateral stimulation of the head and abdominal 
regions are treated in the next section. As seen in the two left 
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FIG. 1. Overview of the procedure and representative partial results 
from one subject. The calibration inset on the right indicates that the 
tactile stimulation was applied during the third of the five 5-sec bins 
in which locomotion counts were quantified for analysis. The line 
graphs associated with each type of stimulation show the cumula- 
tive wheel counts for each bin referenced to a horizontal line 
representing 0 wheel counts in 5 sec. When the wheel counts during 
the tactile stimulation bin met the criterion for inhibition (33% below 
the mean of the two preceding bins), the data point is represented by 
a large filled circle. 


columns, pressure on the nose and bilateral pressure on the 
vibrissae pad inhibited locomotion in all subjects. In 
contrast, stroking of the vibrissae bilaterally was effective 
only for Rats 9 and 13 (third column). Pinching and pulling on 
the skin over the cervical spine inhibited the locomotion of 
Rats 9, 13, 14 and 16. Generally similar patterns were seen 
with pinching and pulling the skin of more posterior regions. 
The one exceptional case was Rat 13 who responded to 
thoracic and lumbo-sacral stimulation by suppression of 
hindlimb stepping but maintained stepping of the forelimbs. 
Pinching the tail was effective only for three of six rats. 
There was little indication that the tactile stimulation 
elicited behaviors that competed with stepping. Typically 
when locomotion stopped, rapid respiration and vibrissae 
movement continued and one hindlimb remained flexed 
while the other remained extended. Whether the hindlimb 
positions were actively or passively maintained was not de- 
termined. When the tactile stimulation did not completely 
stop the locomotion (as was common with the posterior 
somatic stimulation) the stepping pattern did not appear to 
change in form but merely slowed in rate. The only clear 
indication that the tactile stimulation produced behaviors 
that could have directly competed with locomotor stepping 
came from one subject. In this subject (Rat 13) pressure on 
the snout and the vibrissae pad and stroking of the contralat- 
eral vibrissae produced a consistent pattern that was termed 
bracing. It was characterized by pelvic and hip flexion and 
hindlimb extension which gave the rat the appearance of 
lifting its hindquarters and pulling rearward against the ear- 
bars. The forelimbs in these cases generally extended and 
usually pushed against the wheel. Of possible relevance to 
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FIG. 2. Effects of tactile stimulation at various body regions in six 
subjects. Same format as Fig. 1. Vertical calibration: 25 wheel 
counts per 5-sec bin. 


the question of a competitive mechanism was a forelimb re- 
sponse seen in the other subjects particularly with pressure 
on the nose but also in some cases with pressure on the 
vibrissae pad. The response was a rhythmic raising and low- 
ering of the forelimbs at a rate of about 2 cycles/sec. This 
forelimb response was not seen with other types of tactile 
stimulation. 

For five of the six rats, the cessation of stepping contin- 
ued for the duration of the tactile stimulation. One subject 
(Rat 16) showed a shorter duration of stepping cessation dur- 
ing some cases of nose and vibrissae pad stimulation. 


Laterality of Tactile Stimulation 


Three somatic regions were tested for laterality differ- 
ences and the results are illustrated in Fig. 3. The two rats 
that showed inhibition to bilateral stroking of the vibrissae 
also showed inhibition to stroking of the vibrissae contralat- 
eral, but not ipsilateral, to the brain stimulation site. These 
results are shown in the left column of Fig. 3. 

Of the four rats tested for laterality differences for vibris- 
sae pad pressure, all showed marked inhibition with stimula- 
tion on both sides (center column of Fig. 3). Two other rats 
were not given a formal laterality test for vibrissae pad pres- 
sure but they did receive separate ipsilateral and contralat- 
eral stimulation of the vibrissae pad in the prior body region 
test and showed the same pattern as the four rats given the 
formal laterality test. In summary, mild pressure on the vib- 
rissae pad either ipsilateral or contralateral to the site of 
locomotor stimulation appeared to exert comparable inhibi- 
tion. 





GROSS AND SINNAMON 


PRESS 
STROKE VIBRISSAE ABDOMINAL 
VIBRISSAE PAD PINCH & PULL 
UNILATERALLY UNILATERALLY LATERALLY 


ye e268 8 
ote-20 00,0” 


VY 





ow “A 


— 


Cae VY w™ 


FIG. 3. Comparison of tactile stimulation to three body regions on 
sides that are ipsilateral (I) or contralateral (C) to the site of 
locomotor stimulation in the lateral hypothalamus. Vertical 
calibration: 25 wheel counts per 5-sec bin. 
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FIG. 4. Locations of the locomotor stimulation sites projected onto drawings adapted from the atlas of 
Paxinos and Watson [13]. The distance posterior to bregma is given in the lower right of each panel. 
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As shown in the right column of the figure, the abdominal 
pinch and pull was tested on three rats and one showed a 
laterality difference in which ipsilateral but not contralateral 
stimulation was effective. This type of stimulation was ef- 
fective on either side for one rat and effective on neither for 
another. 


Supplemental Findings 


Rat 12 was prepared with a chronic stimulation electrode 
which obviated both the preliminary surgery and the use of 
earbars in the stereotaxic apparatus. We therefore could 
assess the significance of these factors in the tactile inhibi- 
tion. As may be seen in Figs. 2 and 3, Rat 12 showed inhibi- 
tion in response to pressure on the nose and vibrissae pad 
but not to stroking the vibrissae, pinching and pulling the 
skin of the back or to pinching the tail. Not shown in the 
figures is the inhibition found in response to pinching alone 
(without pulling) of the skin of the back. This general pattern 
appeared to be well within the range of responsivity of the 
other rats and indicates that neither the acute surgery nor the 
constant pressure exerted by the earbars significantly con- 
tributed to the tactile inhibition. 

In five rats, the effects of pinching alone vs. both pinching 
and pulling the skin of the back at cervical, thoracic and 
lumbo-sacral levels and of the lateral abdomen were com- 
pared. Occasional differences were found but they were not 
systematic or consistent between subjects. We conclude that 
adding a pulling force to the pinch added little to the inhibi- 
tory effectiveness. 

The locations of the six stimulation electrodes are shown 
in Fig. 4. The anteroposterior levels of the sites ranged from 
the anterior hypothalamus to the mammillary bodies. All 
sites were located in or just dorsal to the lateral hypothala- 
mus. 


DISCUSSION 


These findings show that tactile stimulation, particularly 
pressure on the snout region, strongly suppresses locomo- 
tion elicited by hypothalamic stimulation. The robustness and 
the reliability of this inhibitory effect suggest that it reflects a 


basic process that modulates locomotion. Why such 
pronounced effects have not received attention in previous 
work is explained by the unique features of the anesthetized 
locomoting rat. It is likely that locomotion in normal animals 
would also stop with similar tactile stimulation but the stimu- 
lation would also elicit orienting or defense behaviors and 
they would appear to be the principal effect. In the 
anesthetized and restrained rat, the alternate behavioral 
possibilities are so limited that the suppressive effects of 
tactile stimulation on locomotion become more salient. 

All forms of tactile stimulation of the face do not inhibit 
locomotion. Certain types of facial stimulation function to 
guide locomotion and other types act to suppress it. Specifi- 
cally, stimulation of the vibrissae and the short facial hairs 
can provide a facilitatory guidance of locomotion [4,19] as 
may be seen when a normal rat maintains snout and chin 
contact against vertical and horizontal surfaces during ex- 
ploratory locomotion [19]. This behavior pattern can be 
exaggerated by several pharmacological agents [15,17] and by 
lesions of the lateral hypothalamus [8]. Accordingly in the 
present study, displacement of the vibrissae was among the 
least effective types of stimulation in inhibiting locomotion. 
By contrast, the most effective stimulation involved pressure 
that produced a slight deformation of the skin. Such stimula- 
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tion might mimic the impact of the snout of a locomoting rat 
with a fixed surface, e.g., a wall. A particularly clear in- 
stance of the locomotor suppressive effects of snout pressure 
is seen in rats with lesions of the rostroventral pons [2]. 
Placed in an open field, these rats show accelerating locomo- 
tion which continues until the snout contacts a wall. Upon 
contact the rats stop stepping and lose postural support. If 
the rats are placed in the open field with constant snout 
pressure (provided by an elastic band), they show prolonged 
immobility [2] whereas normal rats show only a transient 
suppression of locomotion. These findings suggest that the 
inhibitory effects of snout stimulation observed here reflect 
the operation of a reflex system that serves to disengage the 
locomotor system when vertical surfaces are encountered. 

The locomotor-suppressive effects of facial stimulation 
might be one aspect of a general tactile suppression that 
operates on several classes of behaviors. For example, a 
possible related suppression is produced by the application 
of a device known as a twitch which is used to restrain 
horses [6]. The twitch is a stick with a loop of rope at one end. 
The rope is twisted around the upper lip exerting a pressure 
below threshold for eliciting defensive behavior. The horse 
responds with a reduced tendency to locomote and to react 
aversively to normally noxious stimulation. A similar proce- 
dure is used by Kenyans to restrain camels for the purpose of 
bleeding. By firmly grasping both of the camel’s lips, they 
are reportedly able to reduce the animal’s postural support 
and its tendency to show defensive behaviors [7]. A loss in 
postural support is also produced by the tactile stimulation 
produced by bandaging the face in immature animals [18]. 
These findings suggest the possibility that the suppressive 
effects of tactile stimulation on locomotion could be associ- 
ated with a suppression of the requisite postural support 
mechanisms. 

The locomotor-inhibitory effects of stimulation of the 
caudal somatic regions were weaker than those produced by 
rostral stimulation and probably reflected different func- 
tions. However similar mechanisms could be involved. Tac- 
tile pressure on the dorsum in a variety of rodent species 
elicits immobility [20]. The response functions to facilitate 
maternal transport of the young [1] and is adaptive to cap- 
tured prey in situations where struggling would inevitably 
lead to death [1,20]. The immobility response develops over 
the first 10 days of life in the Norway rat pups but later is 
replaced by defensive behaviors in response to the same 
stimulation [1]. In the present experiment, the anesthetic 
could have suppressed the defensive behaviors and thereby 
enabled the normally masked immobility response to be 
manifest. 

Common to many of the cases of locomotor suppression 
produced by tactile stimulation so far discussed is the loss of 
postural tonus required for normal locomotion. In the cat, 
stimulation in the area of the superior central nucleus sup- 
presses both spontaneous locomotion of a normal prepara- 
tion [5] and locomotion elicited by brain stimulation in the 
midbrain-transected preparation [12]. Such stimulation ap- 
pears to operaie by reducing extensor tonus [11] and a simi- 
lar mechanism could operate in the present study. Another 
explanation for the locomotor suppression observed in the 
present study is that tactile stimulation could activate behav- 
iors that directly antagonize locomotion. Bracing reactions, 
characterized by cocontraction of antagonist muscles in the 
hindlimb, are incompatible with locomotion and can be elic- 
ited by tactile stimulation [3]. A tonic bracing posuture is 
produced by the dopamine antagonistic haloperidol [3] and a 
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dominance of bracing over phasic movement systems may 
explain the akinesia resulting from dopaminergic impair- 
ment. Consistent with the idea of an antagonism between 
locomotor and static equilibrium systems is the finding [10] 
that locomotion produced by lateral hypothalamic stimula- 
tion virtually reverses the akinesia produced by haloperidol. 
A number of environmental stimuli (submergence in cold 
water, exposure to conspecifics and predators) all of which 
are potent elicitors of locomotion in the intact rat also coun- 
teract akinesia [8,9]. In the present experiment, the appear- 
ance of most subjects suggested that the suppression of 
locomotion was associated with the loss of tonus in the 
hindlimbs rather than the elicitation of bracing reactions but 
in the absence of electromyographic recordings, this 
possibility awaits testing in future studies. 
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The sites at which stimulation elicited locomotion in the 
present study were confined to the lateral hypothalamus. 
There was some indication that the side of the tactile stimu- 
lation could interact with the side of the locomotor brain 
stimulation. This finding combined with informal observa- 
tions in other rats that facilitatory effects can sometimes be 
produced by tactile stimulation cautions against overgener- 
alization of the present findings to locomotion produced by 
stimulation in other parts of the brain. 

In conclusion, the tactile inhibition of locomotion appears 
to be a fundamental process about which much remains to be 
learned. The basic questions concern its functional signifi- 
cance and the site of its neural mechanism. The anesthetized 
rat preparation could provide a useful model for the study of 
this problem. 
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TURNEY, T. H., A. G. HARMSEN AND M. A. JARPE. Modification of the antitumor action of Corynebacterium 
parvum by stress. PHYSIOL BEHAV 37(4) 555-558, 1986.—Social grouping and isolation of mice, in the presence of an 
acute stressor, were found to differentially affect the antitumor action of the immunological adjuvant Corynebacterium 
parvum. Socially grouped DBA/2j mice were injected intradermally with P815 mastocytoma ascites cells. Half the mice had 
a threshold dose of C. parvum admixed with the P815 cells. Half the mice in each of those conditions were given acute, 
inescapable electric footshock. In a second experiment, the stressed mice were socially isolated prior to the acute stress. 
Tumor growth itself was not affected by the stress procedures. C. parvum inhibited tumor growth in non-stressed and 
socially isolated, stressed mice. However, social grouping selectively negated the C. parvum effect resulting in tumor 
growth and mortality equivalent to mice not given the adjuvant. Psychological factors may be important to the development 


of concomitant immunity and the efficacy of immunotherapies. 


Corynebacterium parvum Stress 


THE importance of concomitant immunity in oncogenesis, 
while of general interest, remains uncertain. In order for 
concomitant immunity to a tumor to occur, the tumor must 
be antigenic to the host. However, there is currently no 
means of determining the antigenicity of a tumor in man [9]. 
In addition, animal experiments have shown that increasing 
quantities of tumor antigens generate tumor specific sup- 
pressor T-cells [9,11]. Transfer of these suppressor cells to 
immune animals makes the animals more susceptible to the 
tumor growth [8,10]. It has been suggested that the mounting 
quantity of tumor antigen, produced by a growing tumor, 
causes the generation of the suppressor T-cells which inhibit 
antitumor effector mechanisms. 

Immunosuppression can also be affected by neuroendo- 
crine mechanisms initiated by psychologically stressful con- 
ditions [3,12]. Pituitary and adrenal hormones, which may be 
released in response to stress, have been shown to modify 
activities of the immune system, including producing an im- 
munosuppression [1, 2, 7]. Stress has also been shown to 
affect natural killer cell function [13], T-cell mitogen re- 
sponses [6], and the growth of transplanted tumors in 
animals [15]. Psychological stress has also been implicated 
as a factor contributing to the development of some human 
cancers [13,14]. Since stress is known to affect tumor growth 
and immunosuppression, and since immunosuppression in- 
hibits concomitant immunity to tumors, we studied the effect 
of stress on concomitant immunity to tumors. 

Concomitant immunity to tumors can be induced by the 
injection of Corynebacterium parvum together with trans- 





Antitumor action 


P815 mastocytoma cells 


plantable tumor cells [11]. In this model, the tumor grows 
normally for about 10 days and begins to regress. Animals in 
which the tumor is caused to regress by the C. parvum are 
then resistant to subsequent challenges with the tumor cells. 
The C. parvum is thought to increase T-cytolytic activity and 
may inhibit the development of suppression [8,10]. This C. 
parvum model of concomitant tumor immunity was utilized 
in the present study. 

We first determined the minimum dose of C. parvum 
which inhibited tumor growth. Using this dose, P815 ascites 
tumor cells with or without C. parvum were injected 
intradermally into two groups of mice. Twenty-four hours 
after tumor cell transplantation, half the mice in each group 
were stressed with acute, inescapable, electric footshock. In 
two experiments, the mice were either socially grouped or 
isolated prior to tumor cell transplantation and acute stress. 
Thus, in the two experiments we examined psychological 
effects on the ability of C. parvum to enhance tumor resist- 
ance. 


METHOD 
Subjects 


One hundred-five male, DBA/2j mice were used as sub- 
jects. The mice were obtained from Jackson Laboratories, 
Bar Harbor, ME, at the age of eight weeks. The mice were 
housed in translucent plastic cages on hardwood chip bed- 
ding (Sanichip, Murphy Forest Prod., Rochelle, NJ). Wayne 
Lab Blox chow and tap water were provided ad lib. A 12/12 
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FIG. 1. Mean tumor diameter over days for mice receiving P815 
cells only ( ) and those receiving P815 cells admixed with C. 


parvum doses of | wg (— -- —), 10 ug (— - —), 50 ug (— -—) and 100 pg 
(— —). 


TABLE | 


MEAN (+SEM) DAY OF SURVIVAL AFTER P815 INJECTION AS A 
FUNCTION OF ACUTE STRESS AND C. PARVUM 





C. parvum No. C. parvum 





22.92* 20.73* 
stressed 
+1.46 
20.25* 
not stressed 


+2.42 





*Indicates 100% mortality. 
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FIG. 2. Mean and SEM of tumor diameter over days for social grouping 
experiment. All mice were injected with P815 tumor cells. Only 
non-stressed mice receiving C. parvum (—--—) showed tumor re- 
gression. Stressed mice receiving C. parvum (@—®) showed the 
same rate of tumor growth as stressed mice (®—®) and non- 
stressed mice (®—--—®) receiving only P815 cells. 


hr light/dark cycle was used with light onset at 0700 hours. 


All experimental procedures occurred between 0900 and 
1700 hr. 


Tumor Cells 


The P815 mastocytoma cells, syngeneic in DBA/2j mice, 
were obtained from American Type Culture, Rockville, NC. 
The cells were maintained in culture in RPMI 1640 (Gibco 
Laboratories, Grand Island, NY) with 10% fetal bovine 
serum (Gibco Laboratories) and 20 yg/ml gentamycin 
(Sigma, St. Louis, MO). Prior to tumor transplantation, the 
tumor cells were passaged intraperitoneally through DBA/2j 
mice for 12 days. For transplantation, the ascites cells were 
harvested in RPMI 1640, washed twice with Hank’s Bal- 
anced Salt Solution (HBSS, Gibco Laboratories), and sus- 
pended to an appropriate number in HBSS. 


Determination of C. parvum Dosage 


Twelve-week old male mice were anesthetized with CO, 
and their abdomens were shaved. Immediately, injections of 
1.0x 10° P815 ascites tumor cells in a volume of 0.05 ml PBS 
were given intradermally in the abdomen. The mice received 
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FIG. 3. Mean and SEM of tumor diameter over days for the social 
isolation experiment. All mice were injected with P815 tumor cells. 
Both stressed mice (@—®) and non-stressed mice (@—--—®@) re- 
ceiving C. parvum showed tumor regression. Stressed mice (®—®) 
and non-stressed mice (®—--—-@) injected only with P815 cells 
showed typical tumor growth. 


either 2 wg, 10 wg, 50 wg, or 100 wg of washed, formalin- 
killed Corynebacterium parvum (Burroughs Wellcome Co., 
Research Triangle Park, NC) admixed with the tumor cells. 
Two mice received each dosage. A control animal received 
only tumor cells. Tumor growth was determined from daily 
measurement of the average of the longest tumor length and 
the length perpendicular to it. Measurments were obtained 
with a dial caliper over a two week period while the mice 
were lightly anesthetized with CO,. 

Figure | displays mean tumor lengths over days for dif- 
ferent C. parvum dosages. Dosages of 50 and 100 yg 
produced complete regression of the tumors. The 10 ug dos- 
ages produced slower regression, while | wg resulted in only 
partial regression. Because we sought a threshold dosage 
which would be both sensitive to behavioral manipulations 
and yet produce some regression, we chose a 2 wg dosage for 
the subsequent experiments. 


Effects of Social Grouping 


Forty-eight DBA/2j mice were obtained at eight weeks of 
age and housed for two weeks in groups of four to alleviate 
shipping stress. Four treatment conditions were used: P815, 
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P815/stress, P815 + C. parvum and P815 + C. par- 
vum/stress. On Day One of the experiment, all the mice were 
injected intradermally with 1.0 10° P815 ascites tumor cells 
in 0.05 ml PBS as described above. Half of the mice had 2 ug 
of fomalin-killed C. parvum admixed with the tumor cells. 
The mice were returned to their original groups and cages. 

On Day Two, half of the mice in each of the P815 and 
P815 + C. parvum treatments were given one hour of inter- 
mittent, inescapable, electric footshock. The unscrambled 
shock averaged 0.5 mA, but varied depending upon the 
movements of the mice. Observation of the mice showed no 
signs of escape during sessions. Sixty shocks of six second 
duration were delivered by a Lafayette constant current 
shocker at a fixed interval of sixty seconds. Each mouse was 
shocked individually in a 13x 1227 cm Plexiglas chamber. 
Three chambers were connected in series. The mice re- 
mained in their original cage groups for the remainder of the 
experiment. All four mice within a cage were given the same 
treatment. 

On Day Five and alternate days thereafter, each mouse 
was anesthetized with CO, and its tumor length calculated as 
described above. Each cage was checked daily for deaths for 
forty-five days. Mice living at the end of the experiment were 
assigned a death date of forty-five days for analyses. 


Effects of Social Isolation 


Forty-eight DBA/2j mice were obtained at eight weeks of 
age. The mice were then socially isolated in individual cages 
for three weeks followed by housing in groups of three for 
one week prior to the experiment. Such changes in housing 
conditions have been shown to affect tumorigenesis [14,15]. 
On Day One, the mice were treated identically to those of the 
social grouping experiment above. Thus, the mice were 
acutely stressed with electric shock in the same manner. The 
same four treatment conditions were given. Mice were 
housed in groups of three for the experiments unlike the 
grouping experiment. Cages in which social dominance was 
established and subordinate mice wounded were discarded 
and not included in the results. Some initial fighting occurred 
in most groups, but quickly ended. On Day Five and at two 
to three day intervals thereafter, tumor sizes were obtained 
using the procedure above. 


RESULTS 
Social Grouping 


Figure 2 displays the mean tumor lengths over days for 
the treatment conditions. The P815 + C. parvum/stress 
group did not differ from the P815 and P815/stress groups. 
Since these groups did not differ, the three groups were 
combined for analyses. The P815 + C. parvum group 
showed significantly less tumor growth on Day Eleven, 
1(45)=2.68, p<0.02, as compared to the combined groups. 

The mean days of deaths are shown in Table 1. Longevity 
was not different between P815, P815/stress and P815 + C. 
parvum/stress groups. These groups were combined for 
comparison to the P815 + C. parvum group. The P815 + C. 
parvum group lived significantly longer than the three com- 
bined groups, 1(45)=3.90, p<0.001. Two mice from the P815 
+ C. parvum group were alive 60 days following termination 
of the experiment. Autopsies of the mice that died during the 
experiment revealed peritoneal metastases, especially of the 
liver as found by other investigators [14]. 
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Social Isolation 


Figure 3 displays the mean tumor length over days for the 
four treatment conditions. Social isolation followed by acute 
stress did not have any effect on tumor growth. The P815 and 
P815/stress groups did not differ from each other; nor did the 
P815 + C. parvum and P815 + C. parvum/stress groups dif- 
fer from each other. The C. parvum did inhibit tumor growth 
however. By Day Seven, the combined P815 groups had 
significantly larger tumors than the combined P815 + C. par- 
vum groups, 1(21)=3.97, p<0.001. On subsequent days, the 
tumors grew larger in P815 groups, but not in groups given C. 
parvum. 


DISCUSSION 


These experiments demonstrated that acute stress within 
a given social context can reduce the antitumor action of a 
minimal dose of C. parvum. In the context of social group- 
ing, acute stress negated the immunopotentiation affect of C. 
parvum injection. This inhibitory effect of acute stress on the 
antitumor activity of C. parvum treatment was alleviated by 
prior isolation of the mice. Sklar and Anisman [16] have 
shown that the growth of P815 mastocytoma tumors in 
DBA/2j mice can be facilitated by the stress of acute, ines- 
capable electric footshock. Chronic electric shock mitigates 
this effect as does making acute shock escapable [16]. These 
effects of electric shock are dependent upon the social stress- 
es of prior housing conditions as in the present study [14]. 
Unlike Sklar and Anisman, a tumor enhancement per se did 
not occur with the present acute stress procedure as indi- 
cated by the control groups. Although Sklar and Anisman 
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had suggested that immunological mechanisms were not im- 
portant for this stress effect upon P815 growth itself, im- 
munological mechanisms are implicated by the present im- 
munoadjuvant results. While the P815 mastocytoma is 
syngeneic in DBA/2j mice it is also considered to be, at least 
weakly, immunogenic [9]. 

The immune mechanism affected by our stress proce- 
dures were not determined. Stress is known to inhibit natural 
killer cell function [13], but stress had no effect on tumor 
growth in animals not treated with C. parvum. This suggests 
that natural killer cell function was not affected by the acute 
stress. Cytolytic T-cell function has been shown to be en- 
hanced by C. parvum treatment [8]. There is also evidence 
that T-cell function is adversely affected by stress [6]. It is 
possible that the acute stress affected suppressor cell func- 
tion in the tumor bearing mice. Stress related neurochemi- 
cals are known to affect suppressor cell function [10,16] and 
suppressor cells are known to be generated in animals bear- 
ing actively growing, antigenic tumors [2,6]. It is possible 
that the stress caused the enhancement of suppressor cell 
function that was normally down-regulated by C. parvum 
treatment. Presumably, the different effects produced by 
social grouping and isolation were mediated by 
endocrinological and neural factors associated with those 
treatments [14]. 

In summary, we found that behavioral treatments differ- 
entially modified the antitumor activity of an immunoadju- 
vant. This suggests that psychological factors may play an 
important role in oncogenesis by inhibiting the development 
of concomitant immunity to an antigenic tumor. Our results 
also implicate psychological conditions as potentially impor- 
tant in modifying the efficacy of immunotherapies. 
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ARMARIO, A., J. L. MONTERO AND J. BALASCH. Sensitivity of corticosterone and some metabolic variables to 
graded levels of low intensity stresses in adult male rats. PHYSIOL BEHAV 37(4) 559-561, 1986.—Adult male rats were 
subjected to different acute stressors, whose intensity was gradually increased, and their corticosterone, glucose, and serum 
lipid levels were studied. Serum corticosterone was sensitive to graded levels of stress intensities. Glucose followed the 
same trend. However, serum lipid responses were not related to the intensity of stress. Our results indicate that these latter 


variables were not sensitive indices of the emotional arousal elicited by brief stress stimuli. 


Stress Corticosterone FFA Glucose 


Triglyceride 





IT is now well-established that a wide range of physiological 
variables are modified by exposure to acute stress. How- 
ever, whether or not some of these variables could be a 
sensitive index of emotional arousal elicited by a stress 
stimulus is an open question. With regard to the endocrine 
system it appears that catecholamines [16], prolactin [15], 
and corticosteroids are sensitive to the degree of stress 
experienced by the animals [14,15]. Although the sensitivity 
of the pituitary-adrenal axis response to stress has been a 
controversial issue [4, 12, 14, 15, 19], it is now apparent that 
this fact could be due to ceiling effect of cortico-adrenal 
response to circulating ACTH so that when high intensity 
stress stimuli are used [9], secretion of corticosteroids by the 
adrenal cortex may be saturated. 

Among the possible metabolic variables whose serum or 
plasma levels could be studied during stress, the most used 
are glucose, triglyceride, free fatty acids and cholesterol 
(e.g., [3, 5, 11, 18, 20]). These are important because they are 
related to some possible pathological consequences of 
chronic stress, such as diabetes mellitus [8,10] and car- 
diovascular dysfunction [7,13]. The possibility that these 
variables could be sensitive indices for emotional arousal 
elicited by stress also seems to be of interest [11]. Thus the 
purpose of the present work was to study the relationship 
between and increase in the intensity of stress stimuli and 
serum levels of corticosterone, glucose, FFA and triglycer- 
ide in adult male rats. 


METHOD 
Subjects 


Male Sprague-Dawley rats weighing approximately 350 g 
upon arrival from the university breeding center were main- 
tained three per cage in a controlled environment (tempera- 
ture 22°C, lights on from 0.600 to 18.00) for two weeks before 
starting the experiment, to allow acclimation to our labora- 
tory. Food and water were available ad lib. 


Experiment I 


The animals were randomly assigned to the following ex- 
perimental groups: 

(A) Rats left undisturbed in their cages in the animal 
room. 

(B) Rats taken from their home cages, handled for 15 sec 
in the animal room and returned to their home cages. 

(C) Rats taken from their home cages and transferred to 
other cages of the same size containing clean sawdust. The 
novel cages remained in the animal room. 

(D) Rats treated as those in group C but the cages were 
transferred to a novel room with the same illumination as the 
animal room. 

(E) Rats treated as those in group D plus the noise 
produced by an alarm bell (85 dB). 

Fifteen min after onset of stress the rats were decapitated 
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FIG. 1. The effect of different degrees of stress on serum corticoste- 
rone levels. Means and SEM are represented. Left panel: Letters 
under bars indicate the different intensities of stress (see the Method 
section); groups with different superscripts were statistically differ- 
ent; in each group n=6. Right panel: Open bars indicate control rats 
and shaded bars animals stressed by restraint; number of animals 
per group in parentheses. *p<0.001. 


in a separate room within 30 sec after being taken from the 
experimental situation. 


Experiment 2 


This was designed to study the effect of a strong stress 
stimulus on the variables under investigation. Rats of the 
same strain, age, and sex as those in Experiment | were 
assigned to control or restraint stress groups. Those assigned 
to restraint stress were introduced in small plastic tubes (6 
cm diameter x 22 cm length) for 15 min. Then, control and 
stressed rats were killed by decapitation. 


General Procedure 


All the animals were sacrificed between 8 and 10 a.m. 
After decapitation the trunk blood was collected in plastic 
tubes maintained in ice-cold water and centrifuged at 4°C 
(1500 g, 10 min). The serum obtained was frozen at —20°C. 
Corticosterone was analyzed by a direct radioimmunoassay 
as described elsewhere [1,2]. Glucose was analyzed by 
colorimetry with the glucose-oxidase method (Farmitalia, 
Carlo Erba). Serum lipids were determined by means of 
enzymatic procedures using commercial kits from Farmitalia 
(triglyceride) and from Wako chemicals (free fatty acids). 

The results of the first experiment were statistically 
analyzed with one-way ANOVA followed by Duncan’s mul- 
tiple comparison test. In this last case, means were consid- 
ered to be statistically different when p<0.05. Corticosterone 
data were log transformed before their statistical analysis to 
achieve homogeneity of variances. The results of the second 
experiment were analyzed with Student's f-test. 


RESULTS 


The effect of the different stresses on serum corticoste- 
rone is shown in Fig. 1. The ANOVA revealed a significant 
effect of the treatments on serum corticosterone levels, 
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FIG. 2. Metabolic response to different levels of stress intensities. 
Means and SEM are represented. Closed bars indicate free choles- 
terol in the appropriate graphs. Left panel: Letters under bars indi- 
cate the different intensities of stress (see the Method section); 
groups with different superscripts were statistically different; in 
each group n=6. Right panel: Open bars indicate control rats and 
shaded bar animals stressed by restraint; number of rats per group 
inside bars. *p<0.05, **p<0.01, ***p<0.001. 
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F(4,29)=12.5, p<0.0001. 
may be seen in Fig. 1. 

Figure 2 depicts effects induced by different intensity 
stresses on some other metabolic variables. The ANOVA 
revealed significant effects of the treatments on glucose, 
F(4,29)=5.1, p<0.004, and FFA, F(4,29)=4.9, p<0.005, but 
not on triglyceride, F(4,29)=0.9, p>0.05. Appropriate indi- 
vidual comparisons are indicated in Fig. 2 

Cortico-adrenal and metabolic responses to a more strong 
stressor such as restraint are depicted in Fig. 1 and Fig. 2 
respectively. A significant effect of stress was found for cor- 
ticosterone (p<0.0001), glucose (p<0.001) and FFA 
(p<0.01) but not for triglyceride (p>0.05). 


Post-hoc individual comparisons 


DISCUSSION 


Our results clearly show that the corticosterone response 
to stress was related to the intensity of the stress stimulus to 
which the animals were subjected. These data are in accord- 
ance with those obtained in mice using a similar experimental 
design [14]. Likewise, plasma corticosterone levels were re- 
lated to the intensity of footshock as reported in a recently 
published paper [15]. Thus, it seems clear that cortico- 
adrenal response to a stress stimulus can be considered as a 
sensitive index of the intensity of the emotional arousal 
experienced by the animals, at least when stressors of low or 
middle intensity are used. If high-intensity stressors are 
used, corticosterone release might not be sensitive to varia- 





SENSITIVITY TO STRESS 


tions in stressor intensities due to the fact that the adrenal 
cortex reaches its maximal secretion rate and therefore it is 
not sensitive to further increases in circulating adrenocor- 
ticotropin [9]. The ceiling effect of cortico-adrenal secretion 
might explain some negative reports on the relationship be- 
tween stressor intensity and corticosteroid secretion [4,12]. 

When the stress responses of other variables were 
studied, we found that only serum glucose increased when 
the intensity of the stressors was increased. Although FFA 
were increased by stress, their levels were not related to the 
stimulus intensity. Triglycerides were not responsive to 
stress. A review of the literature concerning lipid response to 
stress in humans has shown that FFA and cholesterol consis- 
tently responded to stress, but triglycerides did not [11]. The 
lack of responsiveness of triglyceride to the acute stresses 
used in the present experiment might be due to the short- 
duration of stress exposure, since we have found an increase 
in triglyceride levels after 1 hour of restraint stress followed 
by a decrease after 12 hour of continuous exposure to the 
stressor (unpublished data). In addition, it appears that cho- 
lesterol diet can influence triglyceride response to stress, 
since a decrease in plasma triglyceride levels has been re- 
ported after a 51-min session of electric footshock in male 
rats maintained in a high cholesterol diet [20]. 

It appears that FFA cold not be considered as a measure 
of emotional arousal elicited by short term exposure to stress 
stimuli. Both FFA and glucose are strongly influenced by 
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corticosteroids and catecholamines [6,17] and those hor- 
mones are sensitive to the intensity of stress [14,16]. There- 
fore it might be expected that the levels of the two metabo- 
lites would be related to the intensity of stress. That this was 
true for glucose, but not for FFA, suggests that some factors 
did not affect these metabolites in the same way during 
stress. 

In addition to their lack of sensitivity, metabolic variables 
are very sensitive both to the duration of stress situation and 
to metabolic modifications induced by specific stressors. As 
studies in humans are characterized by a poor control of both 
factors, the use of such variables as indices of emotional 
arousal during stress appears to be unwarranted. Likewise it 
has been considered that valid markers of chronic stress 
would be physiological variables which react slowly, not 
those related to the initial reaction to the stimulus, such as 
plasma lipids [21]. 

In summary, our data did not give support to the use of 
plasma lipids levels as indicators of emotional arousal elic- 
ited by a stress stimulus, even though the duration of the 
stress stimulus could be controlled. However the possible 
importance of the intensity of the stress in chronic studies on 
lipid metabolism, and especially on cholesterol metabolism, 
might be considered since rats chronically exposed to un- 
predictable, uncontrollable grid shocks showed higher cho- 
lesterol levels than rats allowed to predict or control the 
shocks [5]. 
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AMIR, S. Central glucagon-induced hyperglycemia is mediated by combined activation of the adrenal medulla and 
sympathetic nerve endings. PHYSIOL BEHAV 37(4) 563-566, 1986.—Intracerebroventricular (ICV) microinjection of 
glucagon (0.0025-2.5 wg) produced significant dose-dependent hyperglycemia in mice. This hyperglycemic effect was 
prevented by pretreatment with the sympathetic ganglionic blocker chlorisondamine chloride or bilateral adrenalectomy 
plus chemical sympathectomy with 6-hydroxydopamine. Similar pretreatments had no effect on the plasma glucose re- 
sponses to systemic glucagon administration. Pretreatment with somatostatin, which blocks pancreatic glucagon secretion 
had no effect on the hyperglycemic response to central glucagon administration. The results suggest that the increase in 
plasma glucose following central glucagon administration is mediated by combined action of adrenal and sympathetic 
amines to stimulate hepatic glucose production, or additionally to inhibit insulin release from the pancreas. The possible 
involvement of glucagon in the central nervous system in systemic glucoregulation is discussed. 
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GLUCAGON, a 29 amino acid peptide product of the alpha 
cells of the pancreatic islets of Langerhans, exerts a control- 
ling influence on the maintenance of glucose homeostasis, 
acting to stimulate glucose production in the liver whenever 
the level of glucose in the blood falls below normal [6,14]. 
Recently, glucagon and glucagon related peptides [8, 9, 11, 
22, 28-30], as well as glucagon receptors [12], have been 
demonstrated in mammalian brain and it has been shown that 
injection of glucagon into the central nervous system (CNS) 
in rats [16] and dogs [1] produces prolonged hyperglycemia. 
The peripheral mechanisms mediating the hyperglycemic re- 
sponse to central glucagon administration as well as the 
physiologic role of glucagon in the CNS have not been eluci- 
dated. In the present study I report increases in plasma glu- 
cose following central injection of glucagon in mice and pro- 
vide evidence suggesting that this effect is mediated by 
combined action of adrenal and sympathetic catecholamines. 


METHOD 


Experiments were carried out in normally fed male ICR 
mice, 28-30 g. Glucagon (Sigma) was administered intracer- 
ebroventricularly (ICV) in 5 wl of 0.15 M NaCl (pH 8.5) 
according to the method of Haley and McCormic [10] using a 
Hamilton microsyringe bearing a 27 gauge needle 2.5 mm 
long. Control mice were injected ICV with 5 ul of 0.15 M 
NaCl (pH 8.5). The mice were sacrificed by decapitation at 


different times after the ICV treatment, the trunk blood was 
collected and centrifuged to obtain plasma, and plasma glu- 
cose was determined using a Beckman Glucose Analyzer, 
model 2. Results were evaluated using the two-tailed Stu- 
dent’s t-test. 


RESULTS 


As shown in Fig. 1-A, ICV injection of 2.5 wg glucagon 
produced a rapid increase in plasma glucose levels. The 
hyperglycemic effect was most pronounced at 30 min post 
injection, it lasted for 60 min, and it could be reproduced by 
much lower doses of glucagon (Fig. 1-B). 

Previous studies have implicated the involvement of the 
sympathetic nervous system in the hyperglycemic effect 
produced by central administration of a number of peptides, 
including beta-endorphin [31], corticotropin-releasing hor- 
mone [4], thyrotropin-releasing hormone [3] and bombesin 
[5]. The parasympathetic system has been shown to play a 
role in the hyperglycemic response to central 
cholecystokinin-8 [15,18]. In order to determine the type of 
autonomic mechanism mediating the hyperglycemic effect of 
central glucagon, this effect of glucagon was examined in 
mice in which peripheral sympathetic or parasympathetic 
transmission were disrupted pharmacologically. As shown in 
Fig. 2, pretreatment with chlorisondamine chloride (10 
mg/kg, given intraperitoneally [IP] 60 min before glucagon), 
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FIG. 1. (A) Timecourse of the effect of ICV injections of 2.5 ug 
glucagon on plasma glucose in mice. The horizontal line represents 
the mean plasma glucose of control mice. The points and vertical 
lines represent mean+S.E.M. of plasma glucose at different times 
after giucagon administration. The number in parentheses indicate 
the number of animals in each group. The asterisks indicate signifi- 
cant difference from control (p<0.05, Student's r-test). (B) The ef- 
fect of different doses of ICV glucagon on plasma glucose. Plasma 
glucose was determined 15 min after the ICV treatment. The bars 
and vertical lines indicate means+S.E.M. of plasma glucose. The 
numbers in parentheses indicate the number of animals in each 
group. Asterisks indicate significant difference from control (gluca- 
gon=0) (p<0.05: Student’s f-test). 


a compound which inhibits nerve transmission across sym- 
pathetic ganglia, decreased the plasma glucose in control 
mice as well as prevented the rise in plasma glucose 
produced by ICV injection of 2.5 ug glucagon. Chlorison- 
damine pretreatment had no effect on the plasma glucose 
responses to systemic glucagon administration (Table 1). 
Pretreatment with the muscarinic cholinergic antagonist at- 
ropine methyl bromide (Sigma, | mg/kg, given intravenously 
[IV] 15 min before glucagon), which selectively blocks pe- 
ripheral parasympathetic influences, had no effect on the 
hyperglycemic response to central glucagon (2.5 wg) (Fig. 2). 

The ability of chlorisondamine (but not atropine) to pre- 
vent the rise in plasma glucose following central injection of 
glucagon, but failure of chlorisondamine pretreatment to af- 
fect the plasma glucose responses to systemic glucagon ad- 
ministration, suggested that the hyperglycemic response was 
mediated by central modulation of sympathetic mechanisms 
and did not involve leaking of glucagon out of the brain and 
consequent peripheral action of the peptide hormone. 

To further study the role of the sympathetic system the 
effect of central glucagon on plasma glucose was investi- 
gated in mice in which the adrenal glands have been removed 
surgically (10 days before experimentation), and/or the sym- 
pathetic nerve endings have been destroyed by means of 
IV administration of the catecholamine neurotoxin 6-hy- 
droxydopamine (6-OHDA, from Sigma, 50 mg/kg in 0.2 
ml of 1% ascorbic acid, given 4 days before experimenta- 
tion). As shown in Fig. 3, bilateral adrenalectomy or 
6-OHDA treatment alone did not prevent the hyperglycemic 
response to ICV administration of 2.5 wg of glucagon. In 
contrast, bilateral adrenaloectomy plus 6-OHDA treatment 
completely blocked the central hyperglycemic effect. A simi- 
lar treatment had no effect on the plasma glucose responses 
to systemic glucagon administration (Table 1). This 
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FIG. 2. The effect of pretreatment with the autonomic ganglionic 
blocker chlorisondamine chloride (10 mg/kg IP) and the muscarinic 
cholinergic antagonist atropine methyl bromide (1 mg/kg, IV) on the 
hyperglycemic response to ICV glucagon (2.5 ug). Plasma glucose 
was determined 15 min after the ICV challenge. The bars and verti- 
cal lines indicate means+S.E.M. of plasma glucose. The numbers 
above the bars indicate the number of mice in each group. The 
asterisks indicate significant difference from corresponding ICV 
saline control (p<0.05, Student's f-test). 


TABLE | 


THE EFFECT OF SYSTEMIC GLUCAGON ADMINISTRATION ON 
PLASMA GLUCOSE IN MICEt 





Plasma Glucose (mg%) 
(mean + S.E.M.) 
Glucagon 


Pretreatment Saline 





191.6 + 4.0 263.3 2715 
156.2 + 5.5 250.8 
174.2 + 4.6 253 


Control 

Chlorisondamine 

Adrenalectomy + 
6-OHDA 





+Control, chlorisondamine-treated (10 mg/kg IP) or adrenalec- 
tomized, 6-OHDA-treated (50 mg/kg IV) mice (n=8/group) were in- 
jected subcutaneously (SC) with saline or 2.5 wg glucagon. Plasma 
glucose was determined 15 min after the SC challenge as described 
in the Method section. The asterisks indicate significant difference. 
from the corresponding saline-treated groups (p<0.05, Student’s 
t-test). 


suggested that glucagon acting in the CNS produces 
hyperglycemia through a mechanism involving both adrenal 
and sympathetic catecholamines. 

Stimulation of adrenergic receptors by catecholamines, 
primarily norepinephrine, were shown to result in blockade 
of insulin secretion and stimulation of glucagon release from 
the endocrine pancreas [17]. Moreover, catecholamines have 
been shown to play a role in the neural mechanism regulating 
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FIG. 3. The effect of bilateral adrenalectomy, 6-OHDA treatment 
(50 mg/kg, IV) or combined adrenalectomy and 6-OHDA treatment 
on the hyperglycemic response to ICV glucagon (2.5 ug). Plasma 
glucose was determined 15 min after the ICV challenge. The bars 
and vertical lines indicate means+S.E.M. of plasma glucose. The 
numbers above the bars indicate the number of mice in each group. 
Asterisks indicate significant difference from corresponding ICV 
saline control (p<0.05, Student’s t-test). 


glucose production in the liver [20,23]. To determine 
whether the hyperglycemia following central glucagon in- 
volves pancreatic glucagon secretion or, alternatively, direct 
neural influences upon the liver the effect of central glucagon 
on plasma glucose was evaluated in mice which were pre- 
treated with somatostatin. The hypothesis was that, if cen- 
tral glucagon elicits hyperglycemia by mobilizing pancreatic 
glucagon, which in turn stimulates hepatic glucose produc- 
tion, then the treatment with somatostatin, which inhibits 
pancreatic glucagon secretion [7,19] as well as glucagon- 
induced glucose release from the liver [21], should have the 
effect of preventing the hyperglycemic response to central 
glucagon. However, if the principal mechanism of 
hyperglycemia due to central glucagon injection is a direct 
neurally-mediated increase in hepatic glucose production, an 
effect which is not known to be blocked by somatostatin 
(C.F.5), somatostatin should not prevent the increase in 
plasma glucose due to central glucagon. As shown in Fig. 4, 
pretreatment with somatostatin (Sigma, 25 wg/mouse, given 
IP 15 min before glucagon) did not prevent the 
hyperglycemic response to central glucagon (2.5 yg). In fact, 
the plasma glucose of somatostatin-pretreated glucagon- 
challenged mice was significantly higher (p><0.05) than that 
of glucagon-injected control mice (see Fig. 4). This enhance- 
ment of central glucagon-induced hyperglycemia by somato- 
statin could be due to action of the latter peptide to further 
suppress insulin release from the endocrine pancreas [19]. 


DISCUSSION 


The present results are consistent with the hypothesis 
that the hyperglycemia following central glucagon injection 
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FIG. 4. The effect of pretreatment with somatostatin (25 wg/mouse, 
IP) on the hyperglycemic response to ICV glucagon (2.5 wg). Plasma 
glucose was determined 15 min after the ICV challenge. The bars 
and vertical lines indicate means+S.E.M. of plasma glucose. The 
numbers above the bars indicate the number of animals in each 
group. Asterisks indicate significant difference from corresponding 
ICV saline control (p<0.05, Student’s /-test). 


in mice involves activation of peripheral adrenergic sites by 
adrenal and sympathetic catecholamines. The adrenergic- 
linked effector mechanism mediating the hyperglycemia ap- 
pears to be independent of pancreatic glucagon secretion as 
suggested by the fact that pretreatment with somatostatin, 
which inhibits glucagon release as well as glucagon-induced 
glucose output from the liver [7, 19, 21] failed to block the 
hyperglycemic response. This is in contrast to the 
hyperglycemia produced by central injection of bombesin, 
an effect mediated by pancreatic glucagon and blocked by 
somatostatin [5]. Alternatively, glucagon in the CNS may act 
to stimulate hepatic glucose production and to raise the 
blood glucose directly, by activating adrenergic sites in the 
liver via the adrenals and sympathetic nerves. This 
possibility is supported by a previous postulation of a brain- 
liver interaction controlled by the ventromedial nucleus of 
the hypothalamus (VMH), a glucoregulatory center [2] 
presumably containing glucagon receptors [12] whose elec- 
trical stimulation activates hepatic glycogen metabolizing 
enzymes and enhances glucose output through an 
adrenergic-mediated process [20, 23-27]. Finally centrally 
acting glucagon may suppress insulin secretion from the 
pancreas by increasing adrenergic outflow to beta cells in the 
islets of Langerhans. This effect would result in diminished 
glucose metabolism in peripheral tissues, and consequently 
in a further rise in the plasma glucose levels. 

The physiologic function of glucagon in the CNS in regu- 
lation of glucose hemeostasis remains to be succinctly de- 
fined. While the results of the present as well as previous 
studies [1,16] indicate that exogenous glucagon injected into 
the brain can produce hyperglycemia, little is known of the 
natural physiologic stimuli activating the endogenous 
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glucagon-containing central neuronal system and whether 
such activation results in alterations in plasma glucose. A 
recent study in dogs [13], showing that induction of hypogly- 
cemia by insulin challenge increases glucagon immunoreac- 
tivity in the thalamus-hypothalamus, suggests that brain 
glucagon may respond physiologically to stimuli eliciting 
central glucopenia. Preliminary results from this laboratory 
indicate that central glucagon injection significantly at- 
tenuates the hypoglycenic response to insulin challenge or 
food deprivation in mice. Studies evaluating the effect of 
central injection of glucagon specific antiserum or glucagon 
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receptor antagonists on plasma glucose responses to insulin 
could shed light on the glucoregulatory function of endoge- 
nous glucagon in the CNS. 
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HARRER, S. AND W. J. SCHMIDT. Annual rhythm and hormonal control of predatory behavior in female ferrets. 
PHYSIOL BEHAV 37(4) 567-572, 1986.—The predatory behavior of female ferrets shows seasonal fluctuations which 
appear to be affected by estradiol. Under natural lighting conditions in the laboratory the annual rhythm of the behavior 
was observed during anestrus, estrus, pregnancy, pseudopregnancy and lactating period. Females in heat failed to show 
predatory behavior whereas females in anestrus killed their prey. Exposure of anestrous ferrets to a prolonged illumination 
(LD 16:8) during winter induced an estrus which inhibited predatory behavior. When estrus was terminated with human 
chorionic gonadotropin (HCG), predatory behavior did not further regress as it did in control runs. Thus, during the period 
of estrus, when estrogen levels are presumably high, predatory behavior was inhibited. To prove a possible interdepen- 
dency of estrogen and predatory behavior, estradiol-178-valerat was chronically administered. This treatment induced the 
estrous cycle one day after the first injection. Inhibition of predatory behavior occurred following a delay of 28 days. Thus, 


fluctuations of estradiol levels are a factor which may affect fluctuations of predatory behavior in female ferrets. 


Ferret predatory behavior Estrous cycle 


Seasonal fluctuations 


HCG Estradiol-178-valerat 





OUR knowledge concerning seasonal changes in behavior 
derives mainly from the study of behavior closely connected 
with the reproductive cycle. It is well known that such sex- 
ual behavior is governed by hormones. Seasonal changes of 
non-sexual behavior, as for example predatory behavior, are 
also described. The pigmy owl [14], and the great grey shrike 
[7] commence massive killing of prey in midwinter for stor- 
ing. There is no literature concerning seasonal rhythm in 
killing behavior of ferrets in the field. In the laboratory male 
ferrets invariably kill their prey in the autumn and winter 
months but not in the summer months [15]. Whether hormonal 
fluctuations are involved in the control of the behavioral 
changes of female ferrets, will be examined here. 

Ferrets breed seasonally [4]. The females show a transi- 
tion form of estrus ranging between the monestrous and 
polyestrous condition in sometimes having one or two breed- 
ing seasons [11]. The periods of estrus are usually restricted 
to the spring and summer months, whereas the autumn and 
winter months are occupied by a prolonged anestrus [11]. 
Estrus is characterised by an increased release of FSH and 
estrogen and by a marked swelling of the vulva [5]. Ferrets 
are reflex-ovulators. Ovulation occurs as a result of sexual 
stimuli, usually deriving from copulation itself. These stimuli 
activate the release of pituitary LH leading to ovulation [2]. 

This paper deals with the interdependency of seasonal 
changes of predatory behavior and the reproductive cycle in 
female ferrets. The annual rhythm of predatory behavior in 
connection with anestrus, estrus, pregnancy or pseudopreg- 


nancy and the following rearing of the young was studied. 
Further, an estrus was induced by prolonged illumination in 
winter (see [12]) in order to study the concomitant changes in 
predatory behavior. Finally, the role of hormones was as- 
sessed by administration of HCG and estradiol. 


EXPERIMENT 1: SEASONAL FLUCTUATIONS OF 
PREDATORY BEHAVIOR 


METHOD 


Seven adult female ferrets (Mustela putorius x Mustela 


furo) were used housing three or four to a cage under natural 


lighting conditions in the laboratory. They were fed daily, 
water was constantly available. Each lactating female was 
housed with her young in a separate cage. The young were 
separated from their mother at the age of four months. 
Predatory behavior was carried out in a circular arena (dia. 2 
m) which was familiar to the animals. 

Wistar rats of 220 g body weight served as live prey. The 
prey was put into the arena shortly before the ferret. To 
exclude any effects that may be caused by hunger, the ferrets 
were satiated before the experiments and therefore, did not 
eat the killed prey. Each experiment was recorded on a video 
tape together with the observer’s comments. From the re- 
cordings, duration and sequence of several behavioral vari- 
ables were read into a microcomputer where they were 
stored and subsequently used for detailed analysis. In addi- 
tion the behavior was scored. 
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FIG. 1. (A) Mother animals with young. c: copulation; p: parturition. (a) estrus; (b) predatory type; (c) predatory 
behavior, latency to first bite. The females started coming on heat about February 15, 1982, and were mated four 
weeks later. Vulval swelling regressed after copulation to stage 1 during pregnancy and showed further regression 
to stage 0 after parturition. Predatory behavior could be elicited during the whole time. Predatory behavior was 
inhibited with a delay of 43 days after the onset of estrus. Therefore, during the first estrus inhibition of predatory 
behavior did not occur as the females were mated on day 28 after the onset of vulval swelling. (B) Females without 
young. c: copulation; p: parturition. (a) estrus; (b) predatory type; (c) predatory behavior, latency to first bite. 
Predatory behavior was inhibited after parturition when non-lactating females developed a second estrus. 
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FIG. 2. (A) Artificial illumination (LD 16:8——) followed by a natural photoperiod. (a) estrus; (b) predatory 
type; (c) predatory behavior, latency to first bite. The females developed an estrus within 28 days from the start 
of exposure to increased illumination. Elicitation of predatory behavior decreased 15 days after the first signs of 
vulval swelling and was totally suppressed with a delay of 39 days. (B) (a) estrus; (b) predatory type; (c) 
predatory behavior, latency to first bite. Controls maintained under a natural photoperiod remained in 


anestrus. Predatory behavior was not inhibited. 


Predatory Behavior Score 


Type 4: Immediate attack with killing bite 

Type 3: Retreat followed by attack with killing bite 
Type 2: Attack without killing bite 

Type 1: No attack 


Estrous Score 


The onset of estrus in the ferret was diagnosed by the first 
definitive signs of vulval swelling, the end by the first com- 
plete disappearance of vulval swelling. The diameter of vul- 
val swelling was measured daily and the estrous cycle sub- 
divided into four stages. 


Estrous stage 0: Anestrus 

Estrous stage 1: Begin and the end of estrus 
Vulva: 0.10-0.99 cm in diameter 

Estrous stage 2: Vulva: 1.0-1.25 cm in diameter 

Estrous stage 3: Vulva >1.25 cm in diameter 


The animals were used only when a stabile estrous stage 0 
lasting at least 30 days persisted. 

The number of animals in the test group and the control 
group was too small to allow meaningful statistical evalua- 
tion. Therefore, only those results are presented here that 
are shown by all animals without exception and that never 
appeared in untreated animals. All data are presented as the 
medians. 























FIG. 3. Treatment with HCG (human chorionic gonadotropin). (a) 
estrus; (b) predatory type; (c) predatory behavior, latency to first 
bite. HCG induced the ovulation and terminated estrus. Predatory 
behavior did not further regress. 


RESULTS 


The predatory behavior of seven individuals was analysed 
once a month from March 1982 until September 1982 under 
natural lighting conditions during anestrus, estrus, preg- 
nancy, pseudopregnancy, and lactating period. The ferrets 
started coming on heat about February 15, 1982 (Fig. 1). 
They were mated four weeks later being in estrous stage 3. 
Vulval swelling regressed within one week after copulation. 
During pregnancy which lasted 42-44 days they remained in 
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FIG. 4. Treatment with estradiol-178-valerat (E). (a) estrus; (b) 
predatory type; (c) predatory behavior, latency to first bite. Es- 
tradiol induced an estrus one day after the administration and inhib- 
ited predatory behavior within 28 days. 


estrous stage 1. Six females had been pregnant, one only 
pseudopregnant. 

Only three of the six mother animals showed maternal 
behavior and, in addition, reared the young of those females 
that did not accept their young. Thus, we could distinguish 
two different groups: Three lactating mothers with young, 
four non-lactating females without young. The vulval swell- 
ing of the mother animals showed further regression to stage 
0 after parturition. Thus, from June 1982 the mother animals 
were off heat. A second estrus in the summer was not 
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entered (Fig. 1A). In contrast, non-lactating females devel- 
oped a second estrous cycle from May to August (Fig. 1B). 

Predatory behavior was differently affected in the two 
groups: While mother animals in anestrus continued to catch 
prey (Fig. 1A), the behavior could not be elicited from non- 
lactating females in estrus (Fig. 1B). Thus, predatory behav- 
ior is correlated negatively with the estrous cycle. The 
possibility that predatory behavior is governed solely by day 
length or temperature can be excluded since the females 
were all housed under the same lighting conditions and tem- 
perature. 


EXPERIMENT 2: LIGHT-INDUCED ESTRUS 


METHOD 


Exposure of anestrous ferrets to artificial illumination 
during winter can induce estrus [12]. In October 1982, when 
all females had shrunken vulvae, we exposed four animals to 
prolonged illumination. They were housed in a cage which 
was illuminated exclusively by two 40 Watt daylight lamps at 
a distance of 150 cm from the floor of the cage (300 lux). 
From October 14, 1982 until January 10, 1983 the females 
were maintained on LD 16:8 (light on from 6.00 a.m. to 10.00 
p.m.). Three animals exposed to daylight (natural photo- 
period) served as controls. Predatory behavior was tested 
twice a month. General procedure corresponds to that de- 
scribed in experiment 1. 


RESULTS 


Within 28 days from the start of exposure to increased 
illumination all the females developed an estrus as judged by 
vulval swelling. Predatory behavior was inhibited within 39 


days after the first signs of vulval swelling. It was already 
decreased in the experiment on day 15 (Fig. 2A). The con- 
trols remained anestrous. Their predatory behavior was not 
inhibited (Fig. 2B). 

The results showed that predatory behavior in female fer- 
rets is also inhibited during an artificial photoperiodically 
induced estrus. 


EXPERIMENT 3: EXPERIMENTAL TERMINATION OF 
ESTRUS 


METHOD 


Human chorionic gonadotropin (HCG) is structurally and 
functionally similar to pituitary luteinizing hormone (LH) in 
producing ovulation. Thus, in June 1983, we induced ovula- 
tion in three estrous females by a single injection of 200 
I.U./kg HCG (Serva). The drug was dissolved in saline and 
injected IM into the hind leg in approximately 0.5 ml vol- 
umes. 


Results 


Regression of vulval swelling began two days after the 
administration of HCG and estrus decreased from stage 3 to 
stage 1. Within 14 days the females showed typical signs of 
pseudopregnancy: Development of teats and enhanced food 
intake. These observations confirmed that HCG induced the 
ovulation and terminated estrus. Before the administration 
of HCG the females were in estrous stage 3 and predatory 
type 3,5 on average. The prey was not killed spontaneously 
but after retreat. After the administration of HCG which 
terminated estrus, the normally occurring further regres- 
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sion of predatory behavior, as described in experiment 1, 
was stopped. Subsequently, predatory behavior was even 
facilitated: The prey was killed spontaneously (type 4) (Fig. 3). 

Thus, corresponding to experiments 1 and 2, induction of 
estrus leads to inhibition of predatory behavior. Termination 
of estrus results in no further regression of predatory behav- 
ior. 


EXPERIMENT 4: TREATMENT WITH ESTRADIOL- 
178-VALERAT 


METHOD 


The previous results led to the suggestion that estradiol, 
which is known to be increased during the estrous cycle, 
may be involved in the control of predatory behavior. In 
order to determine the relevance of this hormone, four 
females in anestrus were treated with 0.2 mg/kg 
Progynon®-Depot-10 (containing estradiol-178-valerat, Scher- 
ing) three times at intervals of two weeks in May and 
June. The drug was diluted in olive oil and injected IM into 
the hind leg in approximately 0.5 ml volumes. 


Results 


One day after the first administration of estradiol-17B- 
valerat vulval swelling was observed, increasing from stage 0 
to stage 2 within five days. Remaining in this stage it did not 
reach stage 3 during the whole period of estradiol-treatment. 
As to be expected predatory behavior was inhibited within 
28 days after the onset of estrus (Fig. 4). 


GENERAL DISCUSSION 


The female ferrets started coming into heat in February 
1982 and were mated four weeks later. The duration of ges- 
tation was about 43 days. The vulval swelling of mother 
animals regressed after parturition and a second estrus in the 
summer was not entered. In contrast non-lactating females 
developed a second estrous cycle from May to August. The 
course of reproductive cycle exhibited under natural lighting 
conditions by all animals agree with that described by Mar- 
shall [11] and Herter [8]. The reported fluctuations of pred- 
atory behavior show that it is readily elicited during anestrus 
but is inhibited during estrus: In females that developed a 
second estrus inhibition of predatory behavior occurred with 
a delay of 43 days. Therefore, during the first estrus in Feb- 
ruary, inhibition of predatory behavior did not occur as the 
females were mated on day 28 after the onset of estrus. 
Those females that did not raise their young developed a 
second estrus and showed inhibition of predatory behavior 
after 43 days. The lactating females that raised their young 
had no second estrus and consistently killed during the entire 
period of observation. 

A direct effect of day length or temperature causing 
changes of predatory behavior can be excluded since all 
animals were housed under the same lighting conditions and 
temperature. Exposure of anestrous ferrets to prolonged il- 
lumination (LD 16:8) in winter 1982/83 induced an estrus, as 
judged by vulval swelling, within four weeks from the start of 
exposure to increased illumination. This supports the view of 
the light-dark cycle as the relevant Zeitgeber and corre- 
sponds well to the report of Donovan and Harris [5]. Also, 
this light-induced estrus inhibited predatory behavior within 
39 days after the onset of vulval swelling. We observed a 
decrease of the behavior already in the experiment on day 15 
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after the onset of vulval swelling. Induction of ovulation by 
HCG-administration terminated estrus and, as expected, 
prevented further regression of predatory behavior. 

All these data corroborate the assumption of a negative 
correlation between estrus and predatory behavior. Our sug- 
gestion, emanating from these findings, is that estradiol plays 
a critical role in the control of predatory behavior as ob- 
served in the laboratory since it is well known that in mam- 
mals the level of estradiol is increased during the estrous 
period [6]. This suggestion was supported by the effects 
estradiol-178-valerat exerted on _ predatory behavior. 
Chronic treatment of this steroid hormone resulted in an 
estrus and inhibited predatory behavior within 28 days after 
the onset of vulval swelling. A decrease of the behavior was 
already observed on day 16. Thus, an estrus induced under 
natural lighting conditions inhibited predatory behavior with 
approximately the same delay (43 days) as in photoperiodi- 
cally induced estrus (39 days). Treatment with estradiol- 
178-valerat led to an inhibition of the behavior within 28 
days. These results agree with the effect sex hormones exert 
on centrally-elicited attack in cats [9]. Also in female cats 
acute administration of estradiol increased attack latencies. 
LH and testosterone showed the same effect as estradiol did 
whereas FSH and gonadectomy decreased attack latencies. 
In male cats the opposite effect of sex hormones on attack 
latencies was demonstrated. The grouping of the gonadal 
steroids in opposition to FSH in terms of behavioral effects 
corresponds well with endocrinological data concerning 
feedback interactions. 
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In view of these feedback interactions, Inselman-Temkin 
and Flynn [9] suggested the possibility that the gonadal hor- 
mones are exerting their effects through induced gonadotro- 
pin release. Other studies have suggested that the endocrine 
state, particularly with respect of circulating levels of estro- 
gen, can significantly affect the behavioral response of both 
humans and animals to dopamine-related drugs [1,13]. When 
estrogen is given acutely, this hormone may have 
antidopaminergic effects [10] but, like other anti- 

“opaminergic substances, chronically administered it in- 

creases the dopamine receptor density [3]. If we assume an 
interaction between estrogen and dopamine, it seems that 
chronic estrogen-treatment increases dopamine-activity. In 
male ferrets predatory behavior is facilitated with 
dopamine-antagonists while dopamine-agonists show inhibi- 
tory effects [16]. Thus, in female ferrets estradiol produces 
inhibition of predatory behavior as do dopamine-agonists in 
males. It would be worth examining the mechanisms in- 
volved. 

In any case, the results agree with the hypothesis that one 
of the effects of estradiol is mediated by the modulation of 
dopamine receptor sensitivity. 
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HOUPT, K. A., T. J. REIMERS AND R. D. BOYD. Changes in free fatty acids and triiodothyronine in response to 
feeding in pigs. PHYSIOL BEHAV 37(4) 573-576, 1986.—Ten pigs were surgically implanted with jugular venous cathe- 
ters. Blood samples were acquired before, during and after meals that occurred ad lib or after 5-hr or 17-hr fasts. 
3,3’ ,5-Triiodothyronine (T.,) concentration increased (p<0.05) from 0.49+0.04 to 0.91+0.13 ng/ml (mean+SE) following 
feeding only when the pigs had been fasted for 17 hr prior to the meal. In contrast, free fatty acid levels decreased (p<0.05) 
with feeding under ad lib, 5-hr fasted and 17-hr fasted conditions. Free fatty acid concentration decreased from 222+66 
mEq/l to 91+20 mEq/I (mean SE) in pigs fed ad lib. Free fatty acids may function as hunger signals or their decrease may 
serve as a Satiety signal in free-feeding animals. T., may buffer against a large caloric intake associated with large meals, by 


increasing dietary thermogenesis. 


Pigs Feeding Thyroid Triiodothyronine 


GIBBS et al. [7] have proposed five criteria for a factor 
functioning as an inhibitory signal regulating food intake: (1) 
the signal should be activated as a consequence of feeding; 
(2) administration of the factor should decrease meal size or 
inhibit food intake; (3) in order to account for the frequency 
of meal taking behavior the signal should have a relatively 
rapid onset and brief duration of action; (4) the effect of the 
signal should not be due to illness; (5) the signal should be 
effective in physiological doses. A slight modification of the 
criteria would be necessary for a signal functioning as a 
Stimulatory signal: (1) the signal should be activated as a 
consequence of fasting; (2) administration of the factor 
should increase meal size, or increase the frequency of feed- 
ing; (3) in order to account for the frequency of feeding under 
ad lib conditions the signal should be activated by relatively 
short fast lengths; (4) the signal should be effective in physi- 
ological doses. The criterion of not producing illness is not 
necessary for a hunger signal. 

The criteria least investigated are the third, rapid onset 
and duration, and the last, physiological dose. The purpose 
of this study was to evaluate two putative signals, free fatty 
acids and triiodothyronine (T,). Both had been shown to 
change with feeding [2, 18, 28] but whether they changed 
with short fasts corresponding to normal intermeal intervals 
or changed with spontaneous meals had not been shown. 
The role of lipostatic feedbacks was of particular interest 
because a signal from body fat to the brain has not been 


Free fatty acids 


identified although several putative candidates have been 
suggested such as progesterone [11] and glycerol [4,8]. 

A thermostatic signal, i.e., T,, is also of interest because 
of the recent interest in dietary thermogenesis. However 
most of the interest has centered on brown adipose tissue 
[24]. The pig [3] and the adult human [10] have little or no 
brown adipose tissue, but diet-induced thermogenesis occurs 
in both species [9, 20, 21] and body weight is controlled as 
part of regulation of energy stores. One mechanism might be 
hormonal. Thyroid hormones increase thermogenesis by the 
two iodothyronines, thyroxine (T,) and 3,3’,5-triiodo- 
thyronine (T.,). The metabolically active iodothyronine is T,, 
whereas T, is considered to be a prohormone. We wished to 
measure T., because an increase in T., might be a mechanism 
by which diet-induced thermogenesis is mediated in those 
species that do not have appreciable amounts of brown fat. 
Levels of free fatty acid (FFA), that are known to increase 
between meals [28], may serve as satiety signals. Both 
humoral factors were measured and their possible roles in 
normal feeding evaluated. 


METHOD 


Animals 


Ten Yorkshire-Duroc crossbred pigs (1-4 months of age 
weighing 10-40 kg) were used in this study. They were 
housed individually in stainless steel cages (2.2 1.3 m) in an 
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environmentally controlled room (25+2°C) on a 12-hr light- 
dark cycle (lights on at 0700). Water was available ad lib. A 
corn-soybean meal diet was obtained commercially (Agway 
Squealer, Ithaca, NY) and fed ad lib except during fasting as 
described below. It met or exceeded all nutrient require- 
ments [22]. 


Surgical Procedure 


A silicon rubber catheter (0.04 mm i.d., 0.06 mm o.d.) 
was implanted surgically into a jugular vein of each pig, using 
aseptic techniques and halothane anesthesia. Catheters were 
filled with heparin (1,000 U/ml) when not in use, but main- 
tained patent with 0.9% NaCl solution during blood sam- 
pling. A recovery period of 2 to 5 days was allowed before 
experimentation. 


Experimental Procedure 


Pigs were kept in a holding cabinet during the blood sam- 
pling. The cabinet facilitated ease of handling during blood 
collection and weighing of the feed. Pigs were fasted for 0 (ad 
lib), 5, or 17 hr before blood sampling. Feed was available for 
20 min following the fast. The 20 min limit did not impose a 
ceiling even in the 17 hr fasted pigs; the pigs stopped eating 
and lay down before 20 min had elapsed. The fast length 
imposed on the pigs was randomly selected, but each pig was 
tested at all three fast conditions. Six pigs were sampled for 
T; and six for FFA. Two pigs were sampled for both T,, and 
FFA. Of the eight remaining pigs, four were sampled for T; 
and four for FFA. To control for circadian rhythms all meals 
were begun in the early afternoon and sampling of ad lib 
feeding pigs also took place in the afternoon. Where the time 
of the meal was determined by the imposed fast period, 
blood samples were taken 30 min, 15 min, and immediately 
before (0 time) feed was made available, and then 5, 10, 20, 
30, 45, 60, 90, and 120 min after feeding began. The sampling 
procedure was similar in the experiments on pigs fed ad lib, 
but the exact time that a meal would begin could not be 
predicted. The pigs were watched at the same time of day 
(early afternoon) and a blood sample was taken at a variable 
time before they ate and then again just as they began to eat a 
spontaneous meal. Subsequent samples were taken on the 
same schedule as that for the fasted pigs. Blood was col- 
lected into tubes containing 200 U of heparin and 500 U of 
aprotinin for T, analysis and into serum tubes for FFA 
analysis. Blood was centrifuged and the plasma or serum 
removed and frozen until analysis. Concentrations of T; in 
plasma were determined using a solid-phase radioimmunoas- 
say described previously in detail for use on samples from 
other species [23]. Serial dilutions of pig plasma containing 
0.76 or 0.84 ng/ml (mean) of T, inhibited binding of 
radioiodinated T; to the antibody in a manner parallel with 
inhibition produced by the standard solutions. Relative ac- 
tivities of potentially cross-reacting compounds were 0.0019, 
0.0013, and 0.0001 for 3,5-diiodo-L-thyronine, thyroxine, 
and 3’,5’,3-triiodothyronine (reverse-T;), respectively; ac- 
tivities for all other compounds tested were <0.0001 [23]. 
Parallelism and minimal cross-reactivity suggest that this 
radioimmunoassay was very specific for T; in pig plasma. 
When known amounts of T;, determined gravimetrically, 
were added to three samples of pig plasma and assayed, 
regression analysis of .he amounts recovered by this assay 
gave the equation Y = 1.10X + 0.01, indicating that the 
assay accurately measures T, in pig plasma. Serum samples 
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were analyzed for FFA by a semi-automated colorimetric 
procedure [1]. 

An unbalanced analysis of variance (SAS General linear 
model, SAS Institute Inc., Cary, NC 27511-8000) was per- 
formed on the FFA and T,, data. When the analysis of vari- 
ance indicated significance, a multiple comparison proce- 
dure, Fisher’s protected LSD, was used [25]. A paired f-test 
was used to compare pre- and post-feeding levels for each 
pig. Correlation coefficients were calculated between 
amount eaten and the peak levels of FFA and T; and be- 
tween the amount eaten and the change in concentration 
from pre-feeding to post-feeding of both FFA and T, levels. 


RESULTS 


Changes in T, with feeding are shown in Fig. 1. There 
were significant differences between TT; values, 
F(17,148)=6.48, p<0.001. After adjusting for pig and time, 
Type III sums of squares from SAS, the differences due to 
fast were significant, F(3,148)= 13.7, p<0.0001, but the time 
differences after adjusting for pig and fast were not, 
F(8,148)=1, p>0.4. T, was lower in 17-hr fasted pigs than in 
ad lib fed or 5-hr fasted pigs. The hormone increased from 
0.36+0.09 ng/ml to 0.91+0.13 ng/ml 45 min after feeding in 
the 17-hr fasted group. There was no significant change in T, 
with feeding in ad lib or 5-hr fasted pigs. Concentrations of 
T;, were not correlated with feed consumed. Feed intake was 
26+9 g when the pigs were fed ad lib, 154+48 after a 5 hr 
fast, and 198+25 g/20 min after a 17 hr fast. There was a 
significant correlation between the pre- and post-feeding in- 
crease in T, and the amount of feed consumed (r=0.66, 
p<0.01). 

Changes in FFA with feeding are shown in Fig. 2. There 
was a significant difference among the FFA values, 
F(19)=7.33, p<0.0001. When the values were adjusted for 
pig and time, fast differences were significant, F(2,134)=3.7, 
p<0.01, and when time was corrected for pig and fast, differ- 
ences were still significant, F(7,134)=4.12, p<0.05. Free 
fatty acids decreased (t=3.05, p<0.02) with feeding (0 vs. 45 
or 30 min) under all fast conditions. FFA fell from 1304+248 
mEq/| to 124+19 mEq/I 2 hr after feeding began in 17-hr 
fasted pigs. They fell from 356+54 mEq/l to 178+24 mEq/l 2 
hr after feeding began in 5-hr fasted pigs. FFA fell from 
205+22 mEq/l to 110+21 mEq/l 120 min after feeding began 
in ad lib feeding pigs. Food intake varied from 15 to 404 g/20 
min. There were significant correlations between the pre- 
and post-feeding fall in FFA and intake (r=0.73, p<0.001). 


DISCUSSION 


The marked change in free fatty acids with feeding, even 
following spontaneous meals in the ad lib feeding pig, indi- 
cates that this could serve as feeding signal. Of the four 
criteria proposed for a hunger signal, two clearly have been 
met: the signal is activated as a consequence of fasting. 
Wangness et al. [28] have shown that FFA increases with 
fast length in pigs. The third criterion, that the signal should 
be activated by relatively short fast length corresponding to 
normal intermeal intervals, is also met. The second and 
fourth criteria, effectiveness in stimulating feeding and ef- 
fectiveness in physiological doses, have not been met be- 
cause of the difficulties of preparing a physiological suspen- 
sion of lipoproteins. Conversely, a decrease in FFA could 
signal satiety. 

The changes in free fatty acids are a result of the cascade 
of biochemical events that accompany feeding including in- 
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FIG. 1. The effect of preceding fast length on triiodothyronine response to a meal. 
The pigs (n=6) were fasted for 17, 5 or 0 (ad lib feeding) hours. Blood samples were 
taken 15 min and immediately before feeding and at 5, 10, 20, 30, 45, 60, and 90 min 
after feeding began. 
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FIG. 2. The effect of preceding fast length on free fatty acid response to a meal. See 


Fig. 1. 


sulin secretion [5,27]. Insulin itself has been proposed as a 
satiety factor [18], but we and others [12,26] have not found 
changes in insulin in the free-feeding animal. Recently Kas- 
ser [17] has shown changes in free fatty acid utilization in the 
hypothalamus that indicate that the lateral hypothalamus de- 
creases utilization of free fatty acids when the animal, a rat in 
this case, is fasted. 

An increase in plasma T; concentration with feeding has 
been reported in pigs by Dauncey et al. [2]. Higher concen- 
trations of T,; were observed in pigs fed a higher level of 
energy than in those fed a lower level [14]. The effect of 
length of fasting on the subsequent response to feeding had 


not been studied previously in pigs but has been demon- 
strated in horses [30]. In the Youket study, as in this one, T; 
rose higher in animals fasted for long periods (24 hr) than 
those fasted for short periods (6 hr). Levels of T; were re- 
sponsive to caloric intake and the response was rapid, 
occurring within an hour of feeding. 

Levels of T; increase postprandially principally because 
T, is deiodinated to T, [6,29]. Catecholamines, that increase 
with feeding in pigs [15], stimulate deiodination of T, and 
could be responsible for the postprandial increase. 

Whatever the stimulus for the increase in T, concentra- 
tion, the effect is an increase in heat production. This will 
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lead to a loss of some of the ingested calories as heat. Pigs 
and humans have very little brown adipose tissue [3,10]; 
nevertheless, they are capable of diet-induced ther- 
mogenesis, presumably in response to increased T;. 

As noted above, catecholamines increase in blood with 
feeding [15]. Infusion of norepinephrine caused an increase 
in blood flow to adipose tissue in young pigs as well as the 
more commonly known effects of decreased renal and in- 
creased cardiac blood flow [16]. The mechanisms for dietary 
induced thermogenesis are functional in pigs and can ac- 
count for heat production in the absence of brown adipose 
tissue. Humans, too, may rely more heavily on white than 
brown adipose tissue for dietary induced thermogenesis. Fol- 
lowing large meals, T, increases due to increased deiodina- 
tion of T, in the liver. Carbohydrates are more effective in 
stimulating an increase in T, than are fats or proteins [13]. 
Metabolic rate increases and the caloric load of the large 
meal is diminished by the amount of heat produced. These 
events occur in both humans and experimental animals [29]. 
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The main conclusions to be drawn from these experi- 
ments are that FFA decrease with feeding even in animals fed 
ad lib and that the decrease in FFA is proportional to the size 
of the meal. FFA could serve as a hunger and/or satiety 
signal. 

The other important conclusion is that plasma concentra- 
tion of T, increases after large meals preceded by long fasts. 
T, is four times as potent in stimulating metabolic rate as T,, 
but is short lived. Its half-life is only 1 to 2 hr in pigs [19]. T; 
probably does not serve as a signal for satiety during normal, 
ad lib feeding, but is a means of reducing the amount of 
calories added to the body as fat. This is probably most 
important in those species that lack substantial amounts of 
brown fat—the human and the pig. The effect of manipula- 
tions of FFA on hunger and satiety deserves further investi- 
gation. 
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CAMPAGNONI, F. R., C. P. LAWLER AND P. S. COHEN. Temporal patterns of reinforcer-induced general activity 
and attack in pigeons. PHYSIOL BEHAV 37(4) 577-582, 1986.—Three White King pigeons were exposed to fixed-time 
schedules ranging from 60 to 240 sec. General activity and attack against a conspecific target were measured separately at 
each interreinforcer interval value. Comparison of the temporal distributions of activity and attack revealed significant 
differences in their temporal locus and overall distribution between reinforcer presentations. At all interval values, attack 
was localized to the postreinforcer period, and peaked at the same absolute time (5-10 sec) following each reinforcer 
presentation. General activity was more uniformly distributed between reinforcers, and the peak level occurred later in the 
interval. As the interval length increased, peak levels of activity shifted to later times following reinforcement. These 
differences question traditional accounts which posit a unitary process underlying induced behaviors, while supporting 


Cohen, Looney, Campagnoni and Lawler’s recent two-state model of induced behaviors [8]. 
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WITH extended exposure to a positive reinforcer schedule, 
distinctive behavioral patterns emerge during the 
postreinforcer period. Following reinforcer termination, the 
subject typically moves away from the reinforcer site [2,6], 
and may also engage in species-typical activities such as at- 
tack [12] and licking [9]. 

Traditionally, researchers have assumed that these 
reinforcer-induced activities, referred to as adjunctive [10] or 
interim [16] behaviors, constitute a single class of activities 
[10] that are potentiated by an aversive [4] or arousing 
[11,18] state of the organism. An implication of such formu- 
lations is that all reinforcer-induced activities should have 
the same time course following reinforcer termination. Kil- 
leen’s arousal model [11] is very explicit in this regard. Since 
arousal is reflected as an increased level of general activity 
and is thought to potentiate reinforcer-induced activities, the 
model predicts that general activity should have the same 
time course following reinforcer termination as do attack, 
licking, and other reinforcer-induced activities. 

In evaluating his model, Killeen [11] found that at several 
interreinforcer interval values, the peak levels of general ac- 
tivity occurred after approximately 20-30% of the interval 
had elapsed. In a follow-up study [11], he found a similar 
pattern of reinforcer-induced attack although, in this case, 
only one interval value was used. Subsequent work in our 
laboratory [8] led us to question Killeen’s claim that general 
activity and attack have similar time courses following rein- 
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forcer termination. Specifically, we found that with a con- 
specific target freely available to a pigeon, reinforcer- 
induced attack is time-locked to reinforcer termination at 
different interreinforcer intervals, and not proportionally dis- 
tributed within the interval. However, before concluding 
that reinforcer-induced attack and general activity have dif- 
ferent temporal patterns, it is necessary to show that such 
differences occur in the same experimental context. With 
this in mind, the present study used a within-subject design 
to compare the temporal patterns of general activity and at- 
tack. To facilitate this comparison, we measured both attack 
and activity for each second of the interreinforcer interval, a 
degree of precision not reported in prior studies. 


METHOD 
Subjects 


Subjects were three experimentally naive, adult male 
White King pigeons, obtained from Palmetto Pigeon Plant in 
Sumter, SC. To maintain each bird at 75% of its free feeding 
weight, we adjusted supplemental grain feedings following 
each session. Each bird was housed separately, with water 
and health grit freely available in the home cages. The colony 
room operated on a 12-hr light/dark cycle. Wing and tail 
feathers were clipped regularly to minimize spurious con- 
tacts with the target screen during experimental sessions. 
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FIG. 1. Proportion of total activity responses as a function of proportion of the interreinforcer 
interval for individual subjects at each interreinforcer interval value during Part | of this exper- 
iment. Group data from Killeen’s experiment [11] for comparable interreinforcer interval values 


are plotted in the upper right quadrant. 


Apparatus 


Sessions were conducted in a black plywood test 
chamber, measuring 34-cm H x 40-cm W x 40-cm D. Three 
1.6-W bulbs mounted behind a recessed Plexiglas diffusing 
screen in the ceiling provided general chamber illumination. 
A 5.1-cm Hx 5.8-cm W opening centered in the front panel 
aliowed access to a feeder which dispensed mixed grain. 

A 15.3-cm H x 12.1-cm W Plexiglas target screen was 
suspended from two frame-mounted microswitches. The 
22.1-cm H x 16.0-cm W frame surrounding the target was 
positioned 0.3-cm behind a 15.5-cm H x 11.9-cm W opening 
in the center of the rear chamber wall. A colored photograph 
of a White King pigeon (see Target B [13]) was affixed to the 
screen. A force of approximately 0.1 N applied to the surface 


of the screen closed a microswitch and counted as a single 
attack response. During sessions without target access, a 
black piece of cardboard was slipped over the target screen, 
obscuring the photograph. 

Four sets of infrared emitters and detectors were 
mounted in the walls of the chamber, 11-cm above the wire 
mesh floor. Two sets were attached to the front and rear 
walls, and two sets were attached to the side walls. Prior to 
this experiment, the exact horizontal positions of the emit- 
ters and detectors were adjusted, so that a bird’s location in 
one of nine mutually exclusive and equal areas could be 
specified. This optics system provided a measure of general 
activity; each change in location (from one area to another) 
counted as a single activity response. 

A Data General minicomputer in an adjacent room con- 
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FIG. 2. Attack rate (resp./min) (left panel) and activity rate (resp./min) (right panel) as a function of time 
since reinforcer (sec) for subject P3469 at each interreinforcer interval value. Data are running means of 
three successive sec. Attack data were collected during Part 2; activity data were collected during Part 1. 


trolled experimental events and recorded attack and activity 
responses during each second of the interreinforcer interval. 
White noise and a blower fan partially masked extraneous 
sounds during testing. 


Procedure 


Sessions were usually conducted five days a week, pro- 
vided a subject was within 20 g of its 75% body weight. 

Part |. Since movements associated with attack (i.e., 
charging, wingflapping) would confound the measurement of 
general activity, we measured general activity with no target 
present during this part of the experiment. Each subject was 
exposed to the following irregular series of fixed-time (FT) 
schedules: 120, 60, and 240 sec, with 15 sessions at each 


condition. Subjects were then reexposed to 10 sessions of an 
FT 120 sec schedule. Throughout the experiment, reinforc- 
ers consisted of 7 sec access to mixed grain. Each session 
began and ended with a reinforcer delivery, and consisted of 
15 interreinforcer intervals. As specified by an FT schedule, 
reinforcers were delivered independently of a subject’s be- 
havior. Although no formal stability statistic was computed 
before changing conditions, 5 additional sessions were run if 
performance appeared unstable during the last 5 days of any 
condition. 

Part 2. The target was uncovered and attack was meas- 
ured during this part of the experiment. Each subject was 
exposed to the same sequence of FT schedules and number 
of sessions as during Part 1. 

An exception to this general procedure was required for 

















z 75 FY 120 SEC 

S 

Q 50+ 

w 

w 25+ | r 

ah | 

- 0 1 1 l rl Ij 
75 

c 

x L FT 240 SEC. 

6 50 

< 
5 = 

fF 2 


a a a ee a a 
0 30 60 90 120 





450 210 240 


FT 120 SEC. (REEXPOSURE) 
50- 








120 


TIME SINCE REINFORCER (SEC.) 


FIG. 3. Attack rate (resp./min) (left panel) and activity rate (resp./min) (right panel) as a function of time 
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since reinforcer (sec) for subject P10000 at each interreinforcer interval value. Data are running means of 


subject P10000 during Part 2. Following the transition from 
FT 120 to FT 60 sec, we noticed a dramatic change in the 
temporal pattern of attack. Rather than occurring with 
maximum probability shortly after each reinforcer delivery, 
attack began to increase throughout the interreinforcer 
interval, reaching a peak in the terminal period [17], im- 
mediately before each reinforcer presentation. This pattern 
is usually identified with behaviors which are directed 
toward the scheduled reinforcer [17]. To prevent the contin- 
ued presence of attack as a terminal behavior, we shortened 
reinforcer duration from 7 to 2 sec for this subject. This 
required the bird to remain near the feeder opening in the 
front of the chamber (away from the rear target screen) dur- 
ing the end of each interval, to allow time to procure any 
grain. Within the next few sessions, the temporal distribution 
of attack returned to the postreinforcer pattern characteristic of 
induced behaviors. However, each attempt to increase rein- 
forcer duration to 7 sec resulted in the return of a terminal 
pattern of attack. As a result, the FT 120 sec condition was in 
effect for an extended period of time (65 sessions). Finally, 
we decided to hold reinforcer duration constant at 2 sec for 
this subject throughout the remainder of the experiment. 


RESULTS AND DISCUSSION 


All data presented here represent means of the last 5 days 
of each condition. 

Although we used a different measure of general activity 
than did Killeen [11], the distributions of general activity 


three successive sec. Attack data were collected during Part 2; activity data were collected during Part 1. 





within the interval between reinforcers were similar. This is 
illustrated in Fig. 1, which plots proportion of total activity 
as a function of the proportion of the interreinforcer interval. 
The results in the upper right quadrant of the figure are a 
replot of the group data from Killeen’s earlier experiment 
[11] and the remaining quadrants summarize the results for 
the three subjects in this study. 

In Killeen’s [11] as well as in the present study, activity 
generally increased following reinforcer termination, reach- 
ing a maximum 20-30% of the way through the interval and 
then decreased. For the pigeons in our study, the decrease in 
activity was less abrupt than it was for subjects in Killeen’s 
experiment. This is probably related to the fact that we did 
not use a protective contingency that postponed grain deliv- 
ery if activity responses occurred before grain was delivered, 
whereas Killeen did. It may also be related to how activity 
was measured in the two studies. We measured activity 
using photocells rather than hinged floor panels. Our method 
may have been more sensitive to pacing near the reinforcer 
dispenser later in the interreinforcer interval. 

For two subjects (P10000 and P9607) in the present exper- 
iment, as well as for the group data in Killeen’s experiment 
[11], activity distributions were flatter at the longest interval 
value (200 and 240 sec). In addition, for one of those subjects 
(P9607), the peaked distribution was not recovered during 
reexposure to that condition. The flatness of the recovered 
function is probably a carryover from the immediately pre- 
ceding condition in which the subject was exposed to the 
longer interval value (240 sec). 


































































































































































TEMPORAL PATTERNS OF ACTIVITY AND ATTACK 


60 


FT 120 SEC. 





4 





FT 240 SEC 





ATTACK RATE (RESP./MIN.) 





rs aa 
a a 1 
0 30 60 90 120 


1-y ¢1—1—_J 
150 210 240 


FT 120 SEC. (REEXPOSURE) 











: 
t 


ARE 


FT 60 SEC 





100 
75 
50 
25 
0 


ea FT 120 SEC 


Yew psy 


A FT 240 SEC 


n"_ 
a 

ee | 4 4 
75 

Wires c I 
50 VW WAerw"V'75_ 
VV. In rn 
25 Ae. © 


0 


nN 
| 
V 
= 
f 
| 
V 
L 


ACTIVITY RATE (RESP./MIN.) 


7 
150 
125 
100 
‘ eal 
L 


Dw — ee | 


ee eee SS 


30 60 90 120 150 210 240 


FT 120 SEC. (REEXPOSURE) 


TIME SINCE REINFORCER (SEC.) 


FIG. 4. Attack rate (resp./min) (left panel) and activity rate (resp./min) (right panel) as a function of time 
since reinforcer (sec) for subject P9607 at each interreinforcer interval value. Data are running means of 3 
successive sec. Attack data were collected during Part 2; activity data were collected during Part 1. 


In summary, the temporal pattern of general activity be- 
tween reinforcers is sensitive to the length of the inter- 
reinforcer interval regardless of whether activity is measured 
by hinged floor panels as in Killeen’s experiment [11] or with 
wall-mounted photocells in this experiment. Peak levels of 
general activity occur at about the same relative position 
within the interreinforcer interval. At the longest interval 
values, however, general activity is often more uniformly 
distributed throughout the interreinforcer interval. 

Figures 2-4 illustrate that for the same subjects, changing 
the interreinforcer interval had a different effect upon the 
temporal distributions of attack than it did upon the distribu- 
tions of general activity. Running means of attack and activ- 
ity rates (responses/min) over 3 successive sec are plotted as 
a function of time since reinforcer termination (sec) for each 
interval value, including reexposure to FT 120 sec. At most 
interval values, the peak levels of attack occurred earlier in 
the interval than did the maximum level of general activity. 
The heightened level of attack was restricted primarily to the 
first half or less of the interval, whereas general activity was 
more uniformly distributed throughout the interval. Also, 
unlike general activity, attack distributions were time-locked 
to reinforcer termination. In all cases, maximum attack 
levels occurred 5-10 sec after reinforcer termination regard- 
less of the interval value. In summary, relative to general 
activity, attack occurred earlier in the interval, was more 
localized and was referenced to absolute time since rein- 
forcer termination rather than to the length of the interrein- 
forcer interval. 


In general, the results of this experiment are a replication 
of Killeen’s observation [11] that heightened levels of gen- 
eral activity that develop between reinforcer presentations 
are temporally distributed with respect to the length of the 
interreinforcer interval. Maximum levels of general activity 
occurred after 20-30% of the interreinforcer interval had 
elapsed, regardless of the interval value. Like Killeen, we 
also found that at longer interval values (e.g., 200-240 sec), 
general activity becomes more evenly distributed throughout 
the interval. The within-subject comparison of general activ- 
ity and attack showed that the temporal distributions of 
those activities are different. They differ not only in terms of 
how they are referenced to the length of the interval, but also 
in terms of their spread within the interval and in terms of 
where within the interval the peak level of the behaviors 
occur. 

A question which arises is whether the temporal location 
of attack was constrained due to competition from other un- 
specified behaviors which comprised the general activity 
measure. This possibility exists because attack could not be 
measured in the absence of general activity. However, our 
data argue against a simple competition interpretation. As 
the interval length increased, general activity shifted to a 
later time period following reinforcement. Thus, any tem- 
poral constraint on attack was significantly reduced during 
the FT 240 sec condition. Despite this, peak levels of attack 
continued to occur at the same absolute time since rein- 
forcement. 

If general activity and attack have different temporal pat- 
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terns as indicated in this study, what about other reinforcer- 
induced behaviors? Do they have yet another temporal pat- 
tern or do they conform to one of the two observed in this 
experiment? Surprisingly little detailed information is avail- 
able about the time course of other reinforcer-induced ac- 
tivities, even the most thoroughly studied one, schedule- 
induced polydipsia. Available evidence about schedule- 
induced polydipsia [1,14], however, suggests that, like at- 
tack, it is time-locked (cf., [15]) to reinforcer termination. In 
contrast, other interim behaviors such as time-out respond- 
ing and spatial retreat from the reinforcer site have temporal 
distributions that are similar to those obtained for general 
activity in this experiment [6,8]. In short, the present results 
in conjunction with other recent findings indicate that 
reinforcer-induced activities are temporally distributed in 
one of two ways: either with reference to reinforcer termina- 
tion or with respect to the duration of the interreinforcer 
interval. 

Taken together, these findings lend further support to the 
idea [8] that there are two classes of reinforcer-induced be- 
haviors that have different topographic and behavioral prop- 
erties. One class, exemplified by schedule-induced licking and 
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attack, consists of highly repetitive, stereotyped and 
species-specific activities that are time-locked to reinforcer 
termination. The second class, exemplified by time-out and 
spatial retreat from the reinforcer site, includes gross 
motoric activities that are maintained by stimulus change 
and are temporally distributed with respect to the interrein- 
forcer interval. According to our recent formulation [8], these 
two classes of behavior are both enhanced in frequency by 
the reinforcer schedule [7]. This property clearly distin- 
guishes them from the interim and facultative behavior 
categories described earlier by Staddon [16]. Future research 
should explore the functional significance of the two pro- 
posed types of schedule-induced behavior and also their re- 
lationship to one another in a single experimental context 
[3,5]. 
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STEINER, J. E.,C. VOSS AND D. GALILI. 7emperature preference of drinking water in rats. PHYSIOL BEHAV 37(4) 
583-585, 1986.—The water temperature preference of adult male albino rats was studied. Deprived and normally hydrated 
anima!s were exposed at peak hours of consumption to a choice between 12°C and 30°C water or to 12°C and 34°C water. 
Food intake was not restricted. There was a clear preference for the warmer water. It is concluded that oropharyngeal 


temperature cues influence water intake. 


Albino rats Temperature preference 


FLUID intake in animals is among the basic existential 
drives [5-7]. Preference of fluid is a typical example of 
neurobiological phenomena, in which the organism displays 
an active and quantifiable choice behavior [18]. An impres- 
sive amount of data have been reported on ingestive prefer- 
ence behavior guided by taste cues (e.g., [2, 10, 11, 16, 17]}). 
Nerve fibers carrying taste information have also been found 
to be temperature sensitive [19]. It seems that temperature 
plays an important guiding role in selecting liquids [3]. There 
are but a few reports assessing temperature preference of 
drinking water in rats. Some of these studies investigated 
preference behavior following water deprivation [3, 4, 8, 9, 
14]. Though deprivation is an acceptable tool for increasing 
thirst and water consumption, still it seems that this labora- 
tory technique may alter spontaneous choice behavior. The 
aim of this study was to assess the temperature preference of 
adult rats both under conditions of normal hydration as well 
as following water deprivation, measuring in peak hours of 
habitual water consumption, utilizing Richter’s classical 
two-bottle choice situation [18]. 


GENERAL METHOD 
Animals and Materials 


Forty male albino rats of ‘‘Sabra”™ strain (supplied by the 
Animal House of the Hebrew University ‘‘Hadassah”™ 
School of Medicine) (average starting body-weight of 
272+15 g) were housed in individual metal cages. Room 
temperature was maintained at 23+2°C. Standard rat chow 
(‘“‘Ambar™ brand) was provided ad lib. Preference for drink- 





Water consumption 


Thirst Water deprivation Habitual drinking 


ing water temperature was assessed using two identical 
graduated cylinders or thermos bottles with metal spouts, 
calibrated to an accuracy of 1.0 ml. This approach was cho- 
sen since the adult rats tested were accustomed to taking 
their drinking water from similar devices. In choice situa- 
tions, water containers were switched in order to balance for 
location or position preference. In all experiments fluid con- 
sumption of at least 60% from one of the available sources 
was arbitrarily defined as preference. In this study a 
medium-term preference test was chosen in order to 
minimize both cooling of the warmer water as well as warm- 
ing up of the cooler one. The experiments were carried out in 
three phases. 


EXPERIMENT |! 
Twenty-Four Hour Test in Water-Deprived Rats 


Ten rats (average starting body weight 293+17 g) were 
exposed to 24 hours of water deprivation, 24 hours of prefer- 
ence testing and 24 hours of rest with food and water ad lib. 
On testing days, water consumption from each of the two 
containers was measured after 2 hours of water availability 
as well as 22 hours later. Drinking water in this experiment 
was presented to the animals, at ambient temperature, from 
glass containers with metal spouts. This experiment was de- 
signed to assess whether the intake habits stay stable in a 
two-container choice situation. Special attention was paid to 
use equal sized spouts with equal tube opening as well as 
uniform rubber stops. Results from this experiment are 
based on 59 trials. 
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FIG. 1. Percent preferences for 12°C and 30°C water by 18 rats 
following 24 hours of water deprivation. 


EXPERIMENT 2 


Temperature Preference Test for 90 min, Following Water 
Deprivation 


Eighteen rats (average starting body weight 265+17 g) 
were tested. Each animal was exposed to the choice situa- 
tion in a total of 40 testing trials. Following 24 hours water 
deprivation, animals were exposed for a test period of 90 
minutes, to a choice between drinking water at 12°C or at 
30°C. In order to balance out potential fluctuations in water 
intake during the day, measurements were spread, over dif- 
ferent hours, in light and in darkness. Assessing the tempera- 
ture shift in our drinking devices revealed a mean shift of 
2-3°C over 90 minutes. In Experiments 2 and 3 rectal tem- 
perature was measured before and after the exposure to 
drinking water. 


EXPERIMENT 3 
Temperature Preference in Hydrated Rats 


In order to test the preference for drinking water tempera- 
tures at peak consumption hours 12 animals (average starting 
body weight 260+ 10 g) were kept under reversed light-cycle 
for 24 subsequent days. These normally hydrated animals 
were then given the choice between drinking water at 12°C 
and 34°C. Preference was assessed during the dark phase for 
3-hour test-periods. Each animal was exposed to the test- 
situation 7 times. A total of 84 test-trials were thus obtained. 

All data were analyzed according to the non-parametric 
Statistical procedure of Wilcoxon [20]. 


RESULTS 


EXPERIMENT 1 


Water Intake in One Temperature Choice Situation in 
Water-Deprived Rats 


When animals were free to consume water from two con- 
tainers the daily average was found to be 76+5.5 ml, as 
based on 59 trials. From the individual data it could be seen 
that most animals consumed similar amounts of drinking 
water from the 2 containers, though some of the animals (4 
out of the 10) displayed unequal intake mainly during the first 
2 hours of exposure following the deprivation. For this 
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FIG. 2. Percent preferences for 12°C and 34°C water by 12 hydrated 
rats in peak consumption hours. (Testing-procedure as described in 
Experiment 3.) 


period the 59 observations showed the following distribu- 
tion: in 20 trials (34%) equal consumption was measured, in 
23 (39%) the right, in 16 (27%) the left water-source was 
preferred. Statistical analysis revealed no significant differ- 
ence in the overall consumption from each of the containers 
for either the first 2 hours of testing or for the total of 24 
hours. 


EXPERIMENT 2 
Temperature Preference Following Water Deprivation 


In 23 out of 40 test-trials animals displayed at least 60% 
preference towards the warmer (30°C) water. In 13 trials the 
cooler (12°C) water was 60% preferred. In 4 trials indifferent 
behavior was displayed. The overall average of water intake 
for the 90 min trials is shown in Fig. 1. 

During the test period the animals consumed 60.5% 
(13.1+6.5 ml) of the total intake from the warmer water and 
only 39.5% (8.0+5.0 ml) from the cooler water (p<0.005). 

No interrelation between body temperature and prefer- 
ence behavior could be detected. 


EXPERIMENT 3 
Temperature Preference in Hydrated Rats 


Out of 84 trials the warm water (34°C) was at least 60% 
preferred in 44 trials; the cooler water (12°C) in 31 trials and 
indifferent behavior was found in 9 trials. Overall, consump- 
tion of 58.0% (9.0+4.8 ml) warm water, and 42.0% (6.5+4.1 
ml) of cooler water were observed (p<0.0005), see Fig. 2. In 
this experiment as in the previous one no interrelation be- 
tween body-temperature and consummatory behavior could 
be detected. 


DISCUSSION 


Albino rats displayed a preference towards a drinking 
water closer in temperature to that of the body, over a mark- 
edly cooler drinking water. This preference could be 
demonstrated in both water-deprived and hydrated animals. 
The experimental design emphasized testing preference be- 
havior under normal conditions [1,7]. Based on other obser- 
vations [3, 8, 12, 13, 15], the difference between 34°C and 
12°C is well discriminable by the sensory mechanisms of the 
animals tested. 





TEMPERATURE PREFERENCE IN DRINKING WATER 


Subjects of the present experiments were rats, raised for 
many generations under standard animal-house conditions 
with ad lib supply of food and drinking water. Therefore 
even a 24 hour water-deprivation can be considered as 
marked change in their normal conditions. 

The preference of the normally hydrated rat may illustrate 
a behavior termed by Fitzsimons as a ‘secondary 
drinking-drive’’ [6,7]. ‘*Primary or regulatory drinking” [6,7] 
can be considered as an emergency mechanism, responsible 
for compensation of water loss. In contrast *‘secondary 
drinking” is not necessarily a response to an immediate and 
urging need. Though all the mechanisms for ‘‘secondary 
drinking’ are not completely clarified, still the oro- 
pharyngeal sensory cues seem to influence this behavior. 
Temperature cues of liquids and nutrients can definitely be 
listed among those oropharyngeal stimuli, which may trigger 
the secondary drinking. 

According to Gold and Laforge [12,13] water deprived 
rats prefer, in the first minutes of the exposure to drinking 
water, the cooler over warmer water. Before the end of the 
20 minute testing-sessions rats switched, and almost exclu- 
sively preferred warmer water from the two available 
sources. 

The present experimental design may obscure a transient 
preference towards the cooler drinking water in the first few 
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minutes of the exposure following deprivation. In our pres- 
ent attempt the major goal was to observe the overall drink- 
ing behavior of the animals in an as much as possible habitual 
situation. 

Furthermore, water temperature choice is probably not 
necessarily directly linked to thermoregulation since no cor- 
relation between preference and rectal temperature could be 
found. The state of hydration seems to be a more critical 
factor. 

Another interesting aspect of water temperature prefer- 
ence is its interrelation with food intake. In this study food 
was present throughout water-deprivation as well as testing 
periods. This might suggest that the observed preference was 
expressed in prandial drinking. A further experiment can be 
instructive in clarifying whether the temperature preference 
is comparable under food present and food absent condi- 
tions. 
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FLOODY, O. R., R. D. LISK AND A. J. VOMACHKA. Facilitation of lordosis by estradiol in the mesencephalic central 
gray. PHYSIOL BEHAV 37(4) 587-595, 1986.—Ovariectomized female hamsters received unilateral implants of estradiol 
aimed at the mesencephalic central gray (MCG). Postoperative levels of lordosis and ultrasonic vocalization were used to 
evaluate implant effects on sexual receptivity and proceptivity. Females with large MCG implants showed higher levels of 
receptivity than females with similar implants at control sites. In addition, females with small MCG implants showed little 
receptivity while the implant served as the sole source of estrogen, but diverged from controls by showing elevated 
receptivity during supplemental treatment with low systemic doses of estradiol. These results suggest that estradiol 
implants in the MCG facilitate receptivity if, and only if, accompanied by exposure of other brain areas to low estrogen 
levels. In turn, this suggests that the MCG, though not a self-sufficient site for the hormonal priming of lordosis, does 


modulate sexual motivation by mediating facilitatory effects of estrogen on receptivity and mating. 
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RECENT studies of female rodents have suggested that the 
integrity of the mesencephalic central gray (MCG) is essen- 
tial for normal sexual behavior [6,14]. Together with the 
hormonal dependence of these behaviors [5,11] and the re- 
sponsiveness of MCG cells to estrogen [12,15], these results 
suggest that the MCG can affect behavior by mediating es- 
trogenic effects. However, estradiol implants in or near the 
MCG have failed to affect lordosis [1,3]. As a result, current 
models of the neuroendocrine mechanisms controlling sex 
behavior portray the MCG as relaying, but not otherwise 
affecting, hormonal effects originating mainly or entirely in 
the ventromedial nucleus of the hypothalamus (VMN; [11]). 

Descriptions such as this may be premature. First, previ- 
ous studies using estradiol implants typically have minimized 
hormone quantity to identify brain sites at which isolated 
hormone action suffices to prime females for lordosis. How- 
ever, the fact that small estradiol implants in the MCG fail to 
trigger lordosis does not eliminate the possibility that such 
implants would facilitate receptivity if combined with hor- 
monal stimulation of other brain areas. Second, studies of 
possible MCG-mediated effects on lordosis cannot deter- 
mine if hormones act there to affect other, e.g., proceptive 
[4,6], components of sex behavior. 





This series of studies tested the first of these possibilities 
by applying estradiol to the MCG in ways that guaranteed 
simultaneous exposure of other brain areas to lower levels of 
the hormone. We tested the second possibility simply by 
monitoring rates of ultrasonic vocalization [4,5] as well as 
durations of lordosis. 


GENERAL METHOD 


Animals 


The subjects were female golden hamsters (Mesocricetus 
auratus) of the Lak:LVG strain. They were purchased from 
the Charles River Breeding Laboratories or were bred in our 
lab from Charles River stock. The 142 females that com- 
pleted testing were approximately 3'/2 months old and 
weighed an average of 125 g (SEM=1) when the experiments 
began. Each showed a normal 4-day estrous cycle [9] before 
and during preoperative testing. 

Subjects were housed individually in 20x40x18 cm 
wire-mesh cages in a colony maintained at 20°C and under a 
reversed, 14:10 hr cycle of bright-white and dim-red lighting. 
Free access to food and water was permitted except during 
behavioral tests. Stimulus males were housed as groups of 


'This work was supported by National Institutes of Health fellowship MH-08070 and grant MH-33191. 
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2-6 in 40x 40x 18 cm cages, but otherwise were maintained 
in the same way as the test females. 


Test Procedures 


Females were tested during the first half of the dark phase 
of the daily cycle in 40x20x24 cm glass aquaria that they 
occupied for the 20-22 hr immediately before testing. Tests 
of ultrasound production included 2 min of adaptation to the 
test room, | min of exposure to a sexually active male, and 2 
min of observation beginning with the male’s removal and 
accompanied by exposure to electronically-generated 
mimics of hamster calls [6]. The ultrasounds produced by 
subjects during this 2 min period were monitored using a 
QMC S100 Bat Detector tuned to 35 kHz. In addition, the 
durations of each instance of lordosis during the | min of 
male-female contact were recorded using a manually-keyed 
system based on a Hewlett-Packard 9815 calculator. 


Design 


Preop testing was conducted while subjects were intact 
and in natural estrus [9]. The results of 1-2 tests were used to 
form experimental groups with similar baseline ultrasound 
rates and lordosis durations. Subjects were ovariectomized 
bilaterally under ether anesthesia within 1 week of these 
tests. After 5-9 days of recovery, most females were given 
unilateral intracranial implants of estradiol-178 using stand- 
ard stereotaxic techniques and sodium _ pentobarbital 
anesthesia (80 mg/kg, IP). The cannulae used in preparing 
central and peripheral (control) implants were lengths of 23, 
25, or 28 ga hypodermic tubing (inner diameters of 0.043, 
0.030 and 0.018 cm, respectively; Small Parts, Inc.) cut elec- 
trolytically [8] and tapped 30 times in a small beaker contain- 
ing crystalline hormone. Cannulae were cleaned and 
checked microscopically before use to ensure that hormone 
was present just within the lumen. Cannulae were examined 
again at the end of the experiment and uniformly were found 
to have retained some hormone throughout postoperative 
testing. 

Postop testing began on the fourth day after cannula 
placement and included 4 or 5 tests at 4-5 day intervals. 
Each test was conducted 4-6 hr after treatment with 500 ug 
of progesterone injected SC in 0.1 ml of sesame oil. 

Shortly after the completion of testing, subjects were 
anesthetized and a 1-2 ml blood sample was drawn from the 
heart prior to perfusion with 10% phosphate-buffered for- 
malin. Subsequently, the brain and a standard length of 
uterus were removed for later examination. The brains were 
frozen and sectioned at 60 yu in the frontal plane. Sections 
stained with cresyl violet were examined microscopically to 
locate the tips of hormone implants on a set of reference 
sketches based on published drawings [10]. 


Estradiol Levels 


Group differences in the amounts of estradiol leaking 
away from central implants were evaluated using uterine 
weights and serum estradiol levels. Uterine weights were 
determined from standard lengths (mean=5.3 cm, 
SEM=0.1) of uterine horn removed at the time of perfusion. 
These samples were fixed in formalin and later trimmed, 
measured, and weighed. Serum levels of estradiol were 
measured by radioimmunoassay using a modification of a 
previously described procedure [17] and a highly specific 
antiserum to estradiol-178 [18]. 


FLOODY, LISK AND VOMACHKA 


Statistical Analyses 


Detailed behavioral analyses were restricted to the rate of 
ultrasound production (calls/min), and to the reciprocal la- 
tency (sec~') and total duration (sec) of lordosis. Based on 
preliminary results confirming the absence of reliable preop 
differences, subsequent analyses were restricted to the data 
from postop tests. Groups first were examined for differ- 
ences in the incidence of calling or lordosis using Fisher’s 
test. Groups that showed such differences were excluded 
from the uni- and multivariate analyses of variance 
(ANOVAs and MANOVAs, respectively) used to evaluate 
group differences in response strength (measures of response 
rate, latency or duration). 


EXPERIMENT 1 


Previous results suggest that small (27-30 ga) estradiol 
implants may not stimulate the MCG sufficiently to elicit 
reliable changes in sex behavior [1,3]. Accordingly, this 
study used larger implants of two different sizes (23 and 25 
ga). The responses of animals with MCG implants were 
compared to control groups treated with no exogenous es- 
trogen, control implants in the periphery, or systemic injec- 
tions of standard priming doses of estradiol benzoate (EB). 


METHOD 


Postop testing included four tests at 5 day intervals. The 
58 subjects belonged to six groups treated with: (a) unilateral 
23 or 25 ga estradiol implants aimed at the MCG (23MCG 
and 25MCG groups, each N=9); (b) similar estradiol im- 
plants in the periphery (23SC and 25SC groups, each 
N=10); (c) 23 ga implants of cholesterol in the MCG or SC 
(each N=5; combined group=CHOL, N=10); or (d) injec- 
tions of 10 wg of EB 2 days before each test, with or without 
(each N=5) 23 ga implants of cholesterol aimed at the MCG 
(combined group=EB, N=10). 

As indicated, half of the animals in each of the last two 
groups received 23 ga control (cholesterol) implants in the 
MCG. However, preliminary analyses failed to detect reli- 
able behavior changes due just to the lesions produced by 
these implants. Accordingly, animals with and without cho- 
lesterol implants in the MCG were collapsed into the more 
inclusive CHOL and EB control groups for all subsequent 
analyses. 


RESULTS 
Histology 


The experiments in this series all focused on the effects of 
MCG implants placed using similar stereotaxic coordinates 
and surgical techniques. For this reason, we have detailed 
the locations of midbrain implants for just the experiment 
with the greatest scatter in placements (Experiment 2). As 
shown in Fig. 1, the tips of the estradiol and control implants 
from this and the other experiments in this series were con- 
centrated in the ventrolateral MCG over a range of anterior- 
posterior levels coinciding approximately with the decussa- 
tion of the brachium conjunctivum. This distribution is simi- 
lar to that described previously for estradiol-concentrating 
cells in the hamster MCG [7]. 


Estrogen Levels 


ANOVAs comparing groups on uterine weights and 
serum estradiol concentrations revealed significant differ- 




























































































































































































































































































































ESTRADIOL IN MIDBRAIN INCREASES LORDOSIS 


FIG. 1. The locations of the implants from Experiment 2 are indicated on reference sections traced from published drawings 
[10]. Solid circles indicate the locations of implants containing estradiol; open circles describe the cholesterol implants 
received by some of the SC and EB controls. The distribution of MCG implants here is similar to the distributions of MCG 
implants in Experiments | and 3. Abbreviations: BC, brachium conjunctivum; CT, central tegmental nucleus; D, nucleus of 
Darkschewitz; IC, inferior colliculus; MCG, mesencephalic central gray; MLF, medial longitudinal fasciculus; R, dorsal 


raphe nucleus; SC, superior colliculus; TS, tectospinal tract; VTN, ventral tegmental nucleus; III, oculomotor nerve. 


ences on each measure (for uterine weights, F(5,52)=38.31; 
for estradiol levels, F(5,45)=14.44; each p<0.0001). In each 
case, post hoc analyses attributed the extreme estrogen 
levels to the EB and CHOL control groups (Table 1). 

Animals with 23 and 25 ga cannulae differed reliably on 
one measure of circulating estrogen levels. However, im- 
plants of a particualr size were associated with similar 
uterine weights and estradiol concentrations regardless of 
their placement in the MCG or periphery (Table 1). Impor- 
tantly, this suggests that any behavioral differences that de- 
pend on implant placement are not due simply to differences 
in the levels of hormone leaking into the general circulation 
from MCG versus SC implants. 


Ultrasound Rates 


An ANOVA examining the average postop call rates of all 
six groups revealed a significant Group effect stemming 
largely from differences between the EB and CHOL con- 
trols, F(5,52)= 15.72, p<0.0001 (Fig. 2). Further examination 
of the differences in calling among the four groups with es- 
tradiol implants used an ANOVA with the Placement and 
Size of implants as independent factors and the Day of 
postop testing as a repeated factor. This revealed significant 
Placement x Day and Placement x Size interactions, 
F(3,102)=2.83, p=0.042; and F(1,34)=5.08, p=0.031, re- 
spectively. Together, these suggest that MCG implants, 
especially if large (23 ga), provoked ultrasound rates that 
were higher overall, and showed lower rates of decline over 
tests, than similar implants at peripheral control sites (Fig. 2). 


TABLE | 


SYSTEMIC ESTROGEN LEVELS OF GROUPS RECEIVING CONTROL 
TREATMENTS OR ESTRADIOL IMPLANTS IN THE CENTRAL GRAY 





Group* 


Measuret EB’ 23MCG 23SC 25MCG 25SC CHOL 





Uterine 
wat in g/10cm 0.53 0.34 0.32 0.22 0.19 0.16 
(SEM) (0.03) (0.03) (0.03) (0.02) (0.01) (0.01) 





Serum estradiol 
in pg/ml 
(SEM) 


90.85 
(8.17) 


60.86 
(5.47) 


38.22 
(5.97) 


46.87 
(9.04) 


14.67 
(4.24) 





N 10 9 10 9 





*Four groups were treated with 23 or 25 ga estradiol implants in 
the mesencephalic central gray (23MCG and 25MCG) or beneath the 
skin (23SC and 25SC). Members of the remaining groups received 
implants of an inactive steroid (CHOL) or systemic injections of EB. 
For group sizes, see N. 

+For convenience, uterine weights are expressed as the weight of 
a 10 cm length of uterine horn. Underlines summarize the results of 
post hoc analysis using the Tukey (a) test. Any two means not un- 
derscored by the same line are significantly different (»<0.05). The 
broken line below the estradiol levels indicates that the 25SC group, 
unlike the 23SC and 25MCG groups, exceeded the estradiol level 
typical of CHOL animals. 
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FIG. 2. Average rates of ultrasound production over the four test days (separated 
by intervals of 3 calendar days) that followed ovariectomy and experimental 
treatment. Four groups were treated with 23 or 25 ga estradiol implants in the 
mesencephalic central gray (23MCG and 25MCG) or beneath the skin (23SC and 
25SC). Members of the remaining groups received implants of a behaviorally 
inactive steroid (CHOL) or systemic injections of estradiol benzoate (EB). 


Receptivity 


Preliminary analyses compared the incidences and levels 
of lordosis in implanted and control animals. The first of 
these showed that CHOL animals were less likely to perform 
lordosis than were members of any of the other groups. Ac- 
cordingly, the CHOL group was excluded from all analyses 
of receptivity levels. In the second of these analyses, the 
average lordosis durations and reciprocal latencies of the 
remaining groups were combined in a MANOVA that re- 
vealed a significant Group effect, F(8,84)=9.52, p<0.0001. 
Direct contrasts of the EB and experimental groups showed 
that the receptivity scores of the EB controls consistently 
exceeded those of any implant group, F(2,42)=7.58, 
p=0.0015 (Table 2). 

Differences in receptivity among the four experimental 
groups were assessed with a MANOVA using implant 
Placement and Size as independent factors and postop Day 
as a repeated factor. This revealed significant main effects of 
all three factors (for Placement, F(2,33)=5.81; for Size, 
F(2,33)= 10.84; for Day, F(6,29)=4.14; each p<0.0069). The 
Placement effect suggests that, regardless of their size, es- 
trodiol implants in the MCG provoked greater receptivity 
than otherwise identical implants in the periphery (Table 2). 
In contrast, the Size and Day effects simply document the 
dose-dependence of estrogenic effects on receptivity and the 
tendency of implanted animals to show declining receptivity 
levels over repeated tests [e.g., 13]. Though the cause of this 
decline is not clear, it was not due to a lack of estradiol, since 
all cannulae still contained hormone at the end of testing. 


DISCUSSION 


The conclusions suggested by these data apply to both 
ultrasound production and lordosis, suggesting similarities in 
the hormonal control of these behaviors. First, both 23 and 
25 ga estradiol implants maintained levels of proceptivity and 
receptivity that were intermediate between those of EB- and 


TABLE 2 


MEAN LORDOSIS SCORES OF GROUPS RECEIVING CONTROL 
TREATMENTS OR ESTRADIOL IMPLANTS IN THE CENTRAL GRAY 





Measure 





Reciprocal 
latency in sec”! 0.20 0.13 0.06 0.06 0.04 
(SEM) (0.03) (0.02) (0.01) (0.01) (0.01) 


Duration in sec 43.1 26.8 20.2 12.8 oa 
(SEM) (2.3) (3.4) (3.6) (4.1) (1.2) 


N 10 9 10 9 10 





*Groups and other abbreviations are defined in Table 1. 


cholesterol-treated controls. Since only EB animals main- 
tained levels of behavior similar to those seen preopera- 
tively, it also is apparent that subjects with estradiol implants 
performed at levels consistently below those typical of nat- 
ural estrus. Second, the significant effects of implant Size 
indicate that the cannulae with larger surface areas of ex- 
posed estradiol (23 ga) facilitated sexual proceptivity and 
receptivity more than the smaller, 25 ga, implants. Finally, 
especially intriguing in these data is the suggestion that MCG 
implants of estradiol can provoke higher levels of sexual 
behavior than similar implants at peripheral control sites. 
For ultrasound production, such an effect would be consis- 
tent with previous speculations regarding the possible medi- 
ation by the MCG of hormonal effects on behavior [4,6]. In 
contrast, the effect on lordosis tends to contradict previous 
studies [1,3], at least to the extent of suggesting that the 
MCG can mediate some fraction of the priming effect of 
estrogen on sexual receptivity. 





ESTRADIOL IN MIDBRAIN INCREASES LORDOSIS 


TABLE 3 


SYSTEMIC ESTROGEN LEVELS OF GROUPS RECEIVING 
ESTRADIOL INJECTIONS OR IMPLANTS AT SITES IN THE BRAIN 
OR PERIPHERY 





Group* 


Measuret MCG 


Cortex 





Uterine 
wet in g/10cm 0.50 0.44 0.40 
(SEM) (0.03) (0.02) (0.04) 








Serum estradiol 
in pg/ml 
(SEM) 


42.34 
(11.00) 


57.87 
(8.77) 


38.85 
(8.31) 


36.99 
(10.70) 


N 8 17 12 10 





*Three groups received 23 ga estradiol implants in the mesence- 
phalic central gray (MCG), the overlying telencephalon (Cortex) or 
beneath the skin (SC). A fourth group received sc injections of es- 
tradiol benzoate (EB). For group sizes, see N. 

+ For the uterine weights, underlines summarize the results of post 
hoc analysis using the Tukey (a) test. Any two means not under- 
scored by the same line are significantly different (9<0.05). Similar 
treatment of the serum estradiol levels was not justified, since 
ANOVA failed to reveal a reliable group effect. 


EXPERIMENT 2 


Effects of large MCG implants probably are explained 
best by a combination of hormonal effects within the MCG 
and at other brain sites exposed to estradiol leaking away 
from the implant sites. Thus, the differences seen in the first 
experiment suggest that animals with high estradiol levels in 
the MCG and lower levels throughout much of the rest of the 
brain are more receptive and proceptive than controls with 
similar **background”’ levels of estradiol but no concentra- 
tion in the MCG. 

This interpretation, however, presumes that the extents 
of leakage of hormone to distant brain areas were similar for 
MCG and SC implants. Though analyses of systemic estro- 
gen levels support this assumption, we tested it more rigor- 
ously by comparing the lordosis responses of animals with 
estradiol implants in the MCG, SC, or in the cortex overlying 
the MCG. If activity in the MCG does account for the effects 
seen in Experiment 1, then the sex behaviors of animals with 
MCG implants should be more intense than those in either 
control group. 


METHOD 


Each of 47 hamsters was assigned to one of four groups. 
Members of three of these received unilateral 23 ga implants 
of estradiol in the MCG (MCG, N=17), the cerebral cortex 
dorsolateral to the MCG (Cortex, N=12), or SC (SC, N=10). 
Members of the fourth group received 10 yg injections of EB 
(EB, N=8) 2 days before each of the four postop tests. 


RESULTS 
Histology and Estrogen Levels 


The distribution of implants aimed at the MCG has been 
described in a previous section. Control implants aimed at 
the cerebral cortex in fact terminated deep within the cere- 


TABLE 4 


MEAN LORDOSIS SCORES OF GROUPS RECEIVING ESTRADIOL IN- 
JECTIONS OR IMPLANTS AT SITES IN THE BRAIN OR PERIPHERY 





Group* 


Measure MCG Cortex 





Reciprocal 
latency in sec”! 0.23 0.12 0.09 0.09 
(SEM) (0.06) (0.01) (0.02) (0.02) 


38.30 
(2.88) 


Duration in sec 
(SEM) 


29.05 
(1.68) 


20.89 
(2.74) 


21.84 
(3.03) 


N 8 17 12 10 





*Groups and other abbreviations are defined in Table 3. 


bral hemispheres overlying the midbrain (Fig. 1). These sites 
were concentrated dorsolateral to the MCG at levels slightly 
caudal to those occupied by the majority of MCG implants. 

Circulating estrogen levels were evaluated using 
ANOVAs on measures of uterine weight and serum estradiol 
concentrations. Comparisons of uterine weights revealed a 
significant Group effect, F(3,43)=3.11, p=0.036, reflecting 
consistent differences between the EB and SC controls (Ta- 
ble 3). Differences among the three groups with estradiol 
implants did not approach significance on either measure. 
Because of this, any behavioral differences across these 
groups cannot be due just to differences in systemic estrogen 
levels. 


Sexual Behavior 


Rates of ultrasound production were evaluated using 
ANOVA with Group membership as an independent factor 
and postop Day as a repeated factor. Call rates decreased 
significantly over repeated postop tests, F(3,129)=17.58, 
p<0.0001. However, effects of Group membership were not 
reliable. 

Receptivity differences were assessed with a MANOVA 
using Group membership as an independent factor and test 
Day as a repeated factor. This revealed a significant Group 
effect, F(6,84)=4.37, p=0.0007, and replicated the previ- 
ously discussed decline in receptivity over test Days, 
F(6,38)=5.83, p =0.0002. 

Multivariate contrasts were used to identify the sources 
of the Group effect. These showed, first, that animals receiv- 
ing systemic EB injections were more receptive than those in 
any other group, F(2,42)=5.05, p<0.011 (Table 4). In addi- 
tion, there were significant, or nearly significant, differences 
between the MCG group and each of the CORTEX and SC 
controls (MCG>CORTEX, = F(2,42)=3.56, p=0.037; 
MCG>SC, F(2,42)=2.50, p=0.094). In the latter case, uni- 
variate contrasts confirmed the existence of a reliable differ- 
ence in lordosis duration (MCG>SC, F(1,43)=4.6l, 
p=0.037), though not in lordosis latency. 


DISCUSSION 


These results show that large estradiol inplants maintain 
moderate rates of ultrasound production regardless of 
placement. Together with similar negative results in pilot 
work using implants of other sizes (25-27 ga) these results 
tend to contradict those of Experiment 1, suggesting that the 
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FIG. 3. The locations of the hypothalamic implants described in Experiment 3 are indicated on reference 
sections traced from published drawings [10]. Solid and open circles indicate the locations of implants 
containing just estradiol or just cholesterol, respectively. Half-filled circles show the locations of implants 
filled with a mixture of equal parts of estradiol and cholesterol. Abbreviations: AC, anterior commissure; 
AH, anterior hypothalamus; ARC, arcuate nucleus; CC, corpus callosum; F, fornix; IC, internal capsule; 
MPOA, medial preoptic area; MS, medial septum; OC, optic chiasm; OT, optic tract; POA, preoptic area; 
PVN, paraventricular nucleus; SC, suprachiasmatic nucleus; SM, stria medullaris; SO, supraoptic nucleus; 
ST, stria terminalis; VMN, ventromedial nucleus; II, optic nerve. 


MCG does not mediate any substantial part of the facilitatory 
effect of estradiol on ultrasound production in hamsters. 

Nevertheless, MCG and control implants consistently dif- 
fered in their effects on lordosis. In particular, we found a 
small, but reliable, increase in receptivity specific to MCG 
implants and not fully duplicated by control implants in the 
periphery or overlying telencephalon. This effect suggests 
that estradiol-sensitive cells in or near the MCG can facilitate 
lordosis. 

This is not to argue that the techniques we used exposed 
just the MCG to implanted estradiol, a view that is inconsis- 
tent both with the large size of the effective implants and the 
negative results of past studies using smaller implants [1,3]. 
Rather, while our groups differed primarily in the extent to 
which the MCG was exposed to estradiol, all animals prob- 
ably had other brain areas exposed to low levels of hormone 
due to diffusion from MCG or control implants. Therefore, 
the heightened receptivity seen in MCG-implanted animals 
most likely results from a combination of hormonal effects, 
some occurring in or near the MCG, but others occurring 
elsewhere, perhaps within the VMN [1, 3, 13, 16]. The mag- 
nitude of the MCG effect, and its dependence on hormonal 
effects at other sites, suggest that estradiol-sensitive MCG 


cells can *“*modulate,’’ but not trigger or **stimulate,”’ lor- 
dosis. 


EXPERIMENT 3 


The results of Experiments | and 2 support the idea that a 
combination of high estradiol levels in the MCG and lower 
levels elsewhere in the brain provokes subtle increases in 
receptivity compared to animals with no MCG hormonal 
focus. However, the existing data do not prove this hypoth- 
esis, if only because the brain region exposed to high hor- 
mone levels probably extended beyond the MCG. 

The final experiment addressed this problem by manip- 
ulating hormone levels in a different way. Once again, the 
MCG was exposed to high estrogen levels. However, smaller 
cannulae were used to minimize leakage away from the im- 
plant site. Hormone levels elsewhere also were manipulated, 
and in two ways differing in the extent to which elevated 
levels were localized to specific areas outside the MCG. 
First, animals were tested repeatedly, with some tests fol- 
lowing priming with low doses of injected EB. The results of 
such tests can suggest interactions of the MCG and other 
brain areas, but cannot specify the latter. Second, more 
specific information was sought by comparing groups with 
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TABLE 5 


UTERINE WEIGHTS (MEAN AND SEM IN G/10 CM) OF ANIMALS 
WITH 28 GA ESTRADIOL IMPLANTS AT SITES IN THE BRAIN OR 
PERIPHERY 





Group (N)* 


HYPO (8) BOTH (9) SC (6) NEITHER (5) 


MCG (9) 





0.21 0.17 0.16 0.16 0.13 
(0.02) (0.01) (0.01) (0.01) (0.01) 











*Three groups received 28 ga estradiol implants in the preoptic 
area-anterior hypothalamus (HYPO), the mesencephalic central 
gray (MCG) or beneath the skin (SC). The remaining groups re- 
ceived no estradiol implant (NEITHER) or dilute implants in both 
the hypothalamus and central gray (BOTH). Underlines summarize 
the results of posthoc analyses using the Tukey (a) test. Any two 
means not underscored by the same line are significantly different 
(p<0.05). 


implants in the MCG or the preoptic area-anterior hypothal- 
amus (POA/AH; [2]), or with the same amount of hormone 
divided between implants in both areas. Whereas the first 
two groups promise information regarding independent ef- 
fects of the MCG and POA/AH, we expected that interac- 
tions of these areas might lead to elevated responding in 
animals with both sites activated, albeit by lower levels of 
hormone. 


METHOD 


The 37 subjects were divided among five groups. The 
members of two of these received unilateral 28 ga estradiol 
implants aimed for the MCG (MCG, N=9) or the POA/AH 
(HYPO, N=8). Each of these subjects also received a 28 ga 
cholesterol implant in the brain area that did not receive 
estradiol. Members of two other groups also received 28 ga 
implants in both the MCG and the POA/AH. However, for 
one of these groups, each implant contained equal quantities 
of estradiol and cholesterol (BOTH, N=9), whereas members 
of the other group received two cholesterol implants 
(NEITHER, N=5). Finally, the last group was composed of 
controls that received single 28 ga estradiol implants SC (SC, 
N=6). Groups receiving intracranial estradiol included 
animals with ipsi- and contralateral implants; however, these 
subgroups did not differ in behavior and have been combined 
for all subsequent analyses. 

Five postop tests were run. The first two (NoEB phase) 
sampled behavior while estradiol implants served as the sole 
sources of exogenous hormone. In contrast, each of the third 
and fourth (LoEB phase) were conducted 2 days after injec- 
tions of 1 wg of EB in 0.05 ml of oil. Similarly, the last test 
(HiEB phase) was conducted 2 days after treatment with 2 
pg of EB. 


RESULTS 
Histology and Estrogen Levels 


The distribution of MCG implants has been described 
previously (Fig. 1). Implants aimed at the basal hypothala- 
mus terminated in the preoptic area and dorsal anterior 
hypothalamus (Fig. 3). 

Reliable radioimmunoassay facilities were not available at 
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FIG. 4. Average ultrasound rates in each of the test phases (NoEB, 
LoEB and HiEB) that followed ovariectomy and experimental 
treatment. Three groups received 28 ga estradiol implants in the 
preoptic area-anterior hypothalamus (HYPO), the mesencephalic 
central gray (MCG) or beneath the skin (SC). Members of the re- 
maining groups received no estradiol implant (NEITHER) or dilute 
implants in both the hypothalamus and central gray (BOTH). 


the time this experiment was run, so that comparisons of 
systemic estrogen levels used just uterine weights. These 
revealed a significant Group effect, F(4,32)=3.72, p=0.013 
(Table 5), reflecting the fact that subjects with hypothalamic 


implants tended to have heavier uteri than controls receiving 
no estradiol at all (HYPO>NEITHER, p<0.05, Tukey test). 
Differences across the four groups that received estradiol at 
different sites were unreliable. This suggests that behavioral 
differences across these groups stem from local hormonal 
effects, not differences in circulating estrogen levels. 


Sexual Behavior 


Mean ultrasound rates were subjected to ANOVA with 
Group membership as an independent factor and experi- 
mental Treatment (NoEB, LoEB and HiEB phases) as a 
repeated factor. This revealed significant main effects for 
each factor (for Group, F(4,32)=15.89; for Treatment, 
F(2,64)=24.32; each p<0.0001). Whereas the second of 
these simply reflects increases in calling with increasing EB 
doses, the Group effect clearly stems from the elevated call 
rates of animals with hypothalamic implants of estradiol 
(Fig. 4). 

Receptivity levels were compared using MANOVA, 
again with Group membership an independent factor and EB 
Treatment a repeated factor. This revealed a significant 
Group x Treatment interaction, F(16,89)=2.76, p=0.0013. 
Evaluation of this using tests of simple effects showed that 
reliable group differences were restricted to periods during 
EB treatment. Further, even during such treatment, only 
members of the MCG and HYPO groups showed reliable 
increases in receptivity (for MCG, F(4,29)=16.30; for 
HYPO, F(4,29)= 14.29, each p<0.0001 (Fig. 5). 


DISCUSSION 


These results are consistent with those of the previous 
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FIG. 5. Average lordosis scores during each of the test phases 
(NoEB. LoEB and HiEB) that followed ovariectomy and experi- 
mental treatment. The groups are the same as those described in 
Figs. 3 and 4. The data displayed here are mean lordosis durations 
(upper panel, in sec) and reciprocal latencies (lower panel, in sec™'). 


experiments in denying to the MCG a significant role in the 
mediation of hormonal effects on ultrasound production. 
Though this obviously does not alter the fact that MCG le- 
sions disrupt ultrasonic calling [6], it suggests that such le- 
sions affect vocalization in ways that are independent of 
estrogen-sensitive cells within the MCG. 

At the same time, these results suggest that estrogen- 
sensitive cells in or near the POA/AH can translate local 
hormone treatments into increments in ultrasound rates. 
Though this effect was apparent in the absence of systemic 
estradiol treatment, further increases in calling accompanied 
treatment with | or 2 wg of EB. These increases suggest that 
either a mechanism in the POA/AH was not saturated by 
single 28 ga implants, or effects of the supplemental treat- 
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ments were mediated by some other brain area. The first of 
these possibilities is supported by data suggesting that our 
implants approximated the threshold levels of hormone re- 
quired for reliable effects on calling (HYPO vs. BOTH 
groups, Fig. 4). However, these possibilities are not mutu- 
ally exclusive and will require attention in future work. 

Though MCG and POA/AH implants had quite different 
effects on ultrasound production, their effects on receptivity 
were similar. For example, neither type of implant was 
capable of causing a reliable increase in receptivity when 
serving as the sole source of exogenous estrogen. Yet each 
led to reliable increases in receptivity when combined with 
ordinarily subthreshold EB treatments. For the MCG, these 
results are consistent with those of Experiments | and 2. 
Furthermore, this consistency was achieved despite the use, 
here, of a quite different experimental strategy, and one for 
which it seems fair to infer a much more restricted MCG 
hormonal focus than produced by the larger implants used 
before. Together, these results suggest strongly that 
estradiol-concentrating cells in the MCG facilitate lordosis. 

This interpretation may extend to the POA/AH as well. 
However, the proximity of this area to the VMN, a known 
focal point for hormonal effects on lordosis [1, 3, 13, 16], will 
require additional work to determine if supplemental EB 
treatments acted independently at sites other than the 
POA/AH, or acted nearby just by adding to subthreshold 
levels of hormone already emanating from the POA/AH im- 
plants. 


CONCLUSIONS 


These experiments have used different methods to create 
situations in which the MCG was singled out for exposure to 
estradiol levels that were higher than those **seen’’ by other 
brain areas. The result uniformly has been a selective in- 
crease in receptivity in those animals with concentrations of 
hormone in the MCG. These effects suggest that estrogen- 
concentrating cells in the MCG, though incapable of auton- 
omously triggering lordosis, do mediate more subtle 
facilitatory effects of ovarian hormones on receptivity and 
mating. 
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FLETCHER, J. M. Effects on growth and endocrine status of maintaining obese and lean Zucker rats at 22°C and 30°C 
from weaning. PHYSIOL BEHAV 37(4) 597-602, 1986.—Lean and genetically obese Zucker rats were maintained from 21 
to 34 days of age at an ambient temperature of 22°C or 30°C. Maintenance at 30°C normalised the lower rectal temperature 
of obese rats. At 30°C obese rats reduced their food intake compared with obese animals at 22°C but they were still 
hyperphagic compared with non-obese animals at 30°C. At 30°C obese rats accumulated as much lipid in their carcase, but 
deposited less protein than obese animals at 22°C. Obese rats were hyperinsulinemic compared with non-obese animals at 
either temperature. Plasma T, and T, levels did not differ between phenotypes and T, levels were lower in both phenotypes 
at 30°C. Plasma corticosterone levels were higher in obese rats at both temperatures and this phenotypic difference was 
larger at 30°C. In a second experiment rats were maintained at 22°C from 21-34 days of age and obese rats pair-fed to the ad 
lib intake of non-obese animals. Obese rats still became more obese than non-obese animals and deposited less protein than 
either non-obese or ad lib fed obese animals. Pair-fed obese rats were hyperinsulinemic and had higher plasma corticoste- 
rone concentrations than non-obese animals. These findings suggest that the raised plasma corticosterone concentrations of 


obese rats kept at 30°C, or not allowed to express their greater appetite, may cause reduced protein deposition. 


Zucker rat Ambient temperature Pair-feeding 


Corticosterone 


Protein deposition 





A characteristic feature of genetic obesity in the Zucker rat 
(fa/fa) and obese mouse (ob/ob) maintained at normal labora- 
tory temperatures is a core body temperature 2-3°C below 
those of lean animals [13,19]. The difference in core tempera- 
ture between obese and lean animals has been noted as early 
as 11-12 days postpartum in the ob/ob mouse [32] and 7 days 
postpartum in the obese rat [13] and therefore precedes the 
hyperphagia and hyperinsulinemia shown by these mutants 
[5]. 


In addition to their lower body temperature and excessive 
lipid accumulation obese rats exhibit several endocrine ab- 
normalities [5] and male but not female rats have a reduced 
rate of carcase protein deposition accompanied by lower 
rates of skeletal muscle protein synthesis [26]. However, the 
nature of the lesion responsible for the development of the 
obese phenotype in the obese rat, or any other species of 
genetically obese anima!, has not been identified and the 
causal relationships between any primary lesion and the di- 
verse manifestations of the obese phenotypes are not under- 
stood. 

This paper explores the possibility that the abnormal 
appetite, growth and hormonal status of obese rats are a 
consequence of their impaired thermoregulation. To abolish 
their difference in core body temperatures non-obese and 
obese rats were maintained at ambient temperatures of 30°C 
and 22°C from weaning at 21 days postpartum to 34 days. 
Daily food intake was measured over this period, and at the 
termination of the experiment blood samples were taken for 


hormone analyses and the lipid and protein contents of rat 
carcases determined. Voluntary food intake decreases with 
increasing ambient temperature and to study the conse- 
quences of reduced food intake alone, a second experiment 
was performed in which obese rats were maintained at 22°C 
and fed to the intake of non-obese animals. 


METHOD 


Female Zucker rats were obtained from the breeding col- 
ony at the Rowett Institute [25]. In the first experiment they 
were weaned at 21 days postpartum and offered, ad lib, a 
commercial pelleted diet (Oxoid Herbert C. Styles Ltd, 
Bewdley, Worcs., U.K.). After weaning, rats were housed 
singly at 22°C or 30°C with a 12 hour light/12 hour dark cycle 
(light on at 0600 hr to 1800 hr); temperature fluctuations were 
less than 2°C throughout 24 hours at either ambient tempera- 
ture. They were weighed and food consumption measured 
daily. Rats were killed and blood samples taken at 1100 hr- 
1200 hr at 34 days of age. 

In a second experiment obese rats were maintained at 
22°C and pair-fed to the intake of a non-obese rat from wean- 
ing until 34 days of age. Obese rats were provided with the 
food intake of a weight and age matched non-obese animal at 
1730 hr and had consumed their ration by 0900 hr the follow- 
ing morning. Non-obese controls in this experiment were 
provided with unlimited food between 1730 hr and 0900 hr. 
Over the period of the experiment non-obese rats consumed 
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FIG. 1. Food intake (g) of non-obese and obese rats maintained at an ambient tem- 
perature of 22°C or 30°C. There were 8-11 animals in each group. 


the same intake as age and weight matched non-obese 
animals allowed access to food throughout 24 hours. In pre- 
liminary experiments it was found however that obese rats 
allowed access to unlimited amounts of food from 1730 hr to 
0900 hr did not consume the amount eaten by obese rats 
allowed access to food for 24 hours. A control group of obese 
rats fed to appetite from 1700 hr to 0900 hr is for this reason 
not included in this study. At 34 days of age rats were killed 
and blood samples taken at 0900 hr and 1500 hr. Carcase 
analysis was undertaken only on rats killed at 0900 hr. 

For collection of blood, rats were taken from their cages 
to an adjoining room, where they were stunned and bled 
from an axilial arch into a heparinised syringe. Blood sam- 
ples were obtained within 45 seconds of removing an animal 
from its cage. Stomachs were removed and the remaining 
carcase freeze dried, minced and analysed for total lipid by 
the method of Atkinson, Fowler, Garton and Lough [1] and 
nitrogen by the Kjeldahl method; protein was calculated as 
N x6.25. 

Rectal temperatures were determined at 28-30 days of age 
using a thermocouple and digital thermometer (Digitron In- 
strumentation Ltd, Merchant Drive, Hertford, U.K.). The 
tip of the thermocouple was inserted to a distance of 1.5 cm 
and the value taken when the temperature reading had 
stabilised for at least 10 seconds. 

Plasma glucose was analysed by the glucose oxidase 
method [17]. Plasma insulin, T, and T, were measured by 
radioimmunoassay. lodinated insulin was obtained from 
Amersham International Ltd, Bucks., U. K., insulin 
antiserum (batch 65-101-1) from Miles Scientific Ltd, Stoke 
Court, Stoke Poges, Slough, U.K. and rat insulin standard 
(lot 615-063-12-3) was a gift from Eli Lilley Ltd. Kits to 
measure T, and T, were purchased from RIA UK Ltd, 7 
Whitworth Road, Armstrong Estate, Washington, Tyne and 
Wear, U.K. Plasma corticosterone was analysed by the 
protein binding method as described by [2] except that bound 


and free hormone fractions were separated by charcoal ad- 
sorption [14]. 

The statistical significance of differences between means 
was assessed by Student's /-test and all values are expressed 
as the mean+s.d. Since plasma hormone concentrations do 
not form a normal distribution, they were converted to 
logarithms for calculation of statistical parameters [34]. 


RESULTS 
Maintenance at 22°C and 30°C From 21-34 Days 


At an ambient temperature of 22°C obese rats had a mean 
rectal temperature of 35.4+0.5°C compared with 37.2+0.4°C 
in non-obese rats (p<0.001). This phenotypic difference in 
rectal temperature was abolished when rats were kept at 
30°C, mean rectal temperatures were 38.8+0.3°C and 
38.6+0.2°C for obese and non-obese animals respectively. 

Daily food intakes of both phenotypes kept at 22°C and 
30°C are shown in Fig. 1. Both phenotypes reduced their 
food consumption by approximately 25% when kept at 30°C 
compared with 22°C. Immediately after weaning and 
throughout the period of study obese rats had higher intakes 
than non-obese animals when maintained at either 22°C or 
30°C. Cumulative food intakes from weaning to 34 days of 
non-obese and obese rats at 22°C were 161.6+7.9 g and 
240.5+30.5 g respectively (p<0.001). For rats maintained at 
30°C cumulative food intakes were 124.7+12.7 g and 
176+21.0 g for non-obese and obese rats respectively 
(p<0.001). The food intake of obese rats kept at 30°C was not 
significantly different from that of non-obese rats maintained 
at 22°C. When kept at 22°C, obese rat carcases had an ap- 
proximately three-fold greater lipid content but protein con- 
tents did not differ significantly (Fig. 2). A similar difference 
in lipid content was apparent between obese and non-obese 
carcases of rats kept at 30°C but the protein content of obese 
carcases was now significantly reduced (p<0.001). 
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TEMPERATURE EFFECTS ON LEAN AND OBESE RATS 


TABLE 1 


PLASMA HORMONE AND GLUCOSE CONCENTRATIONS OF NON-OBESE AND OBESE RATS MAINTAINED AT 22°C AND 30°C 
FROM 21 TO 34 DAYS OF AGE 





Non-obese 
Phenotype 22°C =11 39°C n=10 


Significance 22°C 30°C 


Obese 
Significance 





Insulin (ng/ml) 1.04+ 1.58 1.27+ 1.76 
Corticosterone (nmol/l) SS +388 48 + 56 

Ts (nmol/l) Lek 135 2.44+ 1.72 
Ts (nmol/l) $1.5 21% STA = 13 


Glucose (mM) 8.32 + 0.70 7.55+ 0.78 


N.S. 9.75*** 

N.S. 233* 

N.S. 2.31 
p<0.02 74.1 
p<0.05 8.77 


2.04 4.359°"" 
63 637*** 
1.28 1.60* 
1.41 58.6 
0.72 7.72 


2.29 
68 
0.81 
1.16 
0.94 


i+ I+ I+ I+ I+ 
i+ 1+ I+ I+ I+ 





Values are the mean + s.d. Significance of differences were calculated using a pooled estimate of variance (ANOVA). 
*Significantly different from non-obese rats at the same ambient temperature. *p<0.05, **p<0.01, ***p<0.001. 


Obese rats had higher plasma concentrations of insulin at 
both ambient temperatures (Table 1) although glucose con- 
centrations did not differ between phenotypes. Corticoste- 
rone levels were higher in obese rats than in non-obese 
animals at both temperatures and maintenance at 30°C 
caused a three-fold rise in corticosterone levels of obese rats 
but did not affect those of non-obese animals. T., and T, levels 
did not differ between phenotypes and T,, but not T., concen- 
trations, were reduced in animals of both phenotypes kept at 
30°C. 


Pair-Feeding of Obese Rats From 21-34 Days 


Body weights of non-obese and pair-fed obese rats did not 
significantly differ at weaning. At 34 days of age the carcase 
lipid content of obese rats was approximately three-fold 
greater than in non-obese rats and their carcase protein con- 
tent was reduced (Fig. 2). The protein content of pair-fed 
obese rat carcases was not significantly different from that of 
obese rats maintained at 30°C. Blood samples were taken 
from pair-fed obese rats and their non-obese controls at 0900 
hr and 1500 hr (Table 2). At the earlier sampling time there 
were no significant phenotypic differences in hormone or 
glucose concentrations. At 1500 hr glucose levels were lower 
than at 0900 hr in both phenotypes. In non-obese rats the 
plasma insulin concentration at 1500 hr was lower than at 
0900 hr, but in obese rats the insulin concentration remained 
as high as at 0900 hr, so that there was a significant differ- 
ence between phenotypes at the later sampling time. Plasma 
corticosterone concentrations did not change in non-obese 
rats betwen the two sampling times but in obese animals 
levels were three-fold higher at 1500 hr than at 0900 hr. 


DISCUSSION 


Complex physiological and behavioural adaptations are 
made by mammals when they are exposed to ambient tem- 
peratures below those to which they are acclimated. These 
adaptations include increased appetite, increased activity of 
the sympathetic nervous system, increased shivering and 
non-shivering thermogenesis, and increased secretion of 
several pituitary hormones, e.g., TSH and ACTH (for re- 
views see [15,18]). At normal laboratory temperatures (20- 
22°C), genetically obese mice and rats have a lower body 
temperature than animals of the lean phenotype [13,19]. 
These features of the genetically obese animal may be a con- 
sequence of impaired thermogenesis by brown adipose tissue 
[16, 30, 33] which itself may be due to abnormal activity of 
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FIG. 2. Body weight lipid content and protein content of non-obese 
(open bars) and obese (fa/fa) (hatched bars) rats at 34 days of age, (a) 
maintained at an ambient temperature of 22°C; (b) maintained at an 
ambient temperature of 30°C; (c) obese rats pair-fed to the intake of 
non-obese rats at an ambient temperature of 22°C. *p<0.05, 
**p<0.010, ***p<0.001. 





FLETCHER 


TABLE 2 
PLASMA HORMONE AND GLUCOSE CONCENTRATIONS OF NON-OBESE AND PAIR-FED OBESE RATS 





0900 hr 


Sampling time Non- 


obese n= 10 obese n= 10 Significance 


1500 hr 


Non- 


obese n = 10 obese Significance 





Insulin (ng/ml) 2.11 
Corticosterone (nmol/l) 121 

Ts (nmol/l) 2.26 
Ts (nmol/l) 73.9 
Glucose (mM) 9.02 


144 2.99 
62 219 

1.19 19.8 

49 78.0 
0.76 88.5 


I+ 


i+ + It + Ht 
i+ + I+ H+ 


N.S. ag 
p<0.05 116 


p<0.001 


N.M. 
N.M. 
7.14* + 0.24 





Both phenotypes had access to food only from 1700 to 0900 and obese rats were pair-fed to the intake of non-obese rats. 
Values are the mean + s.d., N.M. = not measured. Significance of differences were calculated using a pooled estimate of variance 
(ANOVA). *Significantly different from the same phenotype at 0900 hr, *p<0.05,**p<0.01,***p<0.001. 


the autonomic nervous system [20,21]. Therefore, in addi- 
tion to any primary lesion occurring in the obese mutant, it is 
also subject to a chronic cold stress at ambient temperatures 
in which laboratory animals are customarily maintained. The 
present study has examined the hypothesis that the abnormal 
appetite, growth and hormonal status of the obese rat may 
represent adaptive responses to 2a reduced body temperature 
which cannot be rectified by an increase in non-shivering 
thermogenesis. 

In agreement with previous workers [11,25] obese rats 
maintained at a normal laboratory ambient temperature 
(22°C) consumed approximately 33% more food than non- 
obese animals. Although both obese and non-obese animals 
reduced their food intake when maintained at a warmer am- 
bient temperature (30°C), animals of the obese phenotype 
still consumed more food. The hyperphagia of the obese rat 
is therefore not a consequence of its response to reduced 
body temperature. Similarly, genetically obese mice (ob/ob) 
maintained at an ambient temperature (33°C) which nor- 
malised their lower core temperature were also hyperphagic 
compared with normal mice [9]. 

The degree of excess lipid deposition shown by obese 
rats, compared with non-obese animals, was the same at 
both ambient temperatures (Fig. 2). Previous studies have 
shown that male but not female obese rats deposit protein at 
a slower rate than non-obese animals [25] and have reduced 
rates of protein synthesis before and after weaning [26]. Only 
female rats were used in this study and at 22°C they con- 
firmed Pullar and Websters [25] result. However, when kept 
at 30°C female obese rats had lower carcase protein contents 
than non-obese animals at either temperature and lower than 
obese animals at 22°C (Fig. 2). The abnormal body composi- 
tion of the obese rat is therefore exacerbated when its lower 
body temperature is abolished. 

A possible explanation of the obese rats reduced ability to 
deposit carcase protein at 30°C lies in their increased plasma 
corticosterone concentrations. Administration of glucocor- 
ticoids reduces the rate of protein synthesis [23] in rats and 
may increase protein degradation [31]. High plasma levels of 
corticosterone would probably overcome any anabolic ac- 
tion that the hyperinsulinemia of obese rat may exert upon 
protein metabolism [24]. Previous studies in older animals 
maintained at normal laboratory temperatures have shown 
either no phenotypic difference in plasma concentrations of 
corticosterone [22, 28, 37] or higher levels in obese rats. 


In the present study even at 22°C corticosterone levels 
were higher in obese than in non-obese rats, and at 30°C 
there was a 17-fold difference between phenotypes (Table 1). 
This difference is unlikely to be a result of a thermally in- 
duced stress, as corticosterone levels in non-obese rats did 
not differ between ambient temperatures. Support for the 
contention that adrenal cortical hormones play an important 
role in the reduced protein deposition of genetically obese 
animals has come from the studies of Saito and Bray [27]. 
Obese mice manifest a reduced lean body mass and have 
higher plasma concentrations of corticosterone [12]. Ad- 
renalectomy of obese mice restored the growth of their 
skeletal muscle and tail length, and treatment with 
cortisone-acetate was sufficient to prevent these effects of 
adrenalectomy [27]. 

Plasma glucose levels were lower in both phenotypes at 
30°C than at 22°C, possibly due to their reduced food intakes 
at this temperature. Similarly, T, levels did not differ be- 
tween phenotypes at either temperature but were lower at 
30°C. Although some workers have reported a reduced 
thyroid status in obese rats [4,35] this is not a consistent 
finding [36] and our results would suggest that thyroid func- 
tion is normal in young obese rats and responds appropri- 
ately to a changed thermal environment. 

Because the food intake of obese rats kept at 30°C was 
lower than that of obese animals at 22°C a second experiment 
was performed to study the effects of food restriction upon 
rats maintained at 22°C. A carcase composition similar to 
that of obese rats kept at 30°C was found in food restricted 
obese animals. Notably the carcase protein contents became 
virtually the same in these animals (Fig. 2). Others have 
reported that pair-feeding of obese rats to the intake of non- 
obese rats does not prevent the development of obesity and 
is accompanied by retarded growth of non-adipose tissues, 
particularly of skeletal muscle (6-8, 38]. These previous 
studies have also shown that pair-feeding of obese rats re- 
duced, but did not abolish their hyperinsulinaemia. The 
present study confirmed this finding (Table 2) and in addition 
showed that six hours after removal of food obese rats had 
higher plasma corticosterone levels than similarly treated 
non-obese animals (Table 2). 

As noted above, protein deposition may be adversely af- 
fected by elevated corticosterone concentrations, and the 
simultaneous occurrence of hyperinsulinaemia in these 
animals may be instrumental in preferentially partioning 
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their dietary nutrients into lipid rather than protein. The re- 
duction in food intake brought about by maintainance of 
obese rats at 30°C (see above) may also explain their in- 
creased plasma corticosterone levels at this temperature, al- 
though the mechanism by which obese rats may respond in 
this manner to a restricted food intake is not clear. Non- 
obese strains of rat do however respond to fasting by a stimu- 
lation of their pituitary-adrenal axis [3,29] and it is possible 
that this response is qualitatively similar in the obese rat and 
is triggered when these animals are unable to satisfy their 
greater appetite, either because of an experimental restric- 
tion or because of a constraint imposed by a warmer en- 
vironment. 


In summary, the hypothesis that a reduced core body 
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temperature may be responsible for the abnormal growth, 
appetite and endocrinology of the obese rat was not substan- 
tiated. These studies revealed however that in addition to 
their hyperinsulinaemia, elevated corticosterone levels are a 
feature of the obese rat, especially when maintained at 30°C 
or fed to the intake of a non-obese rat. These latter findings 
may explain the reduced rates of protein deposition found in 
female obese rats when kept at 30°C, or when not allowed to 
express their hyperphagia. 
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TAKAHASHI, H., T. MOTOMATSU AND M. NOBUNAGA. Influences of water deprivation and fasting on hypotha- 
lamic, pituitary and plasma opioid peptides and prolactin in rats. PHYSIOL BEHAV 37(4) 603-608, 1986.—To study the 
physiological roles of endogenous opioid peptides in drinking and feeding behaviors, the effects of water deprivation and 
fasting on plasma immunoreactive (IR) B-endorphin (8-end), IR-Antidiuretic hormone (ADH) and IR-Prolactin (Prl), 
pituitary IR-8-end and IR-methionine-enkephalin (IR-Met-enk) and IR-ADH, and hypothalamic IR-f-end and IR-Met-enk 
were observed in rats. The effects of water deprivation on hypothalamic dopaminergic system was also studied. In water 
deprived rats, plasma IR-8-end and Pri were decreased significantly. In the neurointermediate lobe, IR-Met-enk, but not 
IR-B-end, was decreased, although these peptides did not change in the anterior lobe and hypothalamus. Intraperitoneal 
injection of haloperidol reversed the decrease in plasma IR-8-end in water deprived rats but did not change it in control 
rats. Subcutaneous injection of CB-154, on the other hand, decreased the plasma IR-8-end in control rats but not in water 
deprived rats. The dopamine (DA) turnover rate in hypothalamus, in addition, was increased in water deprived rats as 
compared with controls. In fasted rats, IR-8-end in plasma, but not in pituitary lobes and hypothalamus, was increased. 
The present results suggest that the increase of hypothalamic dopaminergic activity, in part, is related to the suppressed 


secretions of pituitary IR-B-end and Pri in water deprivation, and plasma IR-8-end play some roles in feeding behavior in 
rats. 


Water deprivation Fasting Opioid peptides Prolactin 





SINCE opioid peptides, endorphins and enkephalins, were 
found in pituitary gland and brain [6], these peptides have 
been shown to act as a neurotransmitter or a neuromodulator 


METHOD 


Animals and Preparations of Samples 


[3, 20, 21]. Opioid peptides have been also shown to be syn- 
thesized from different precursors, proopiomelanocortin and 
pro-enkephalins [10, 18, 19]. Many physiological roles of 
these peptides, in addition, have been suggested, such as a 
regulation of pituitary and pancreatic hormone secretions [9, 
11, 20, 21, 27]. Although there have been many reports con- 
cerning the roles of opioid peptides in drinking and feeding 
behaviors [15, 16, 26], the results are controversial. The 
roles of Pri in water and electrolyte metabolism, on the other 
hand, have been reported [2,14]. However, the results are 
not conclusive. In our previous report [28], the involvement 
of endogenous opioid peptides in feeding behavior was 
suggested in rats. In the present study, the changes of opioid 
peptides and Pri in plasma, pituitary lobes and hypothala- 
mus, and hypothalamic dopaminergic activity were studied 
in water deprived and fasted rats. 


Male Wistar-King rats (250-300 g) were used. Animals 
were housed under the constant conditions of light-dark 
cycle (12 hr light, light on 0600 hr) and temperature (23°C). 
After a 7 day period of adaptation, animals were forced to 
the experimental schedules described later. Animals were 
sacrificed by decapitation and trunk blood was collected in 
ice-cold tubes containing EDTA. Plasma was separated by 
centrifugation at 4°C. Pituitary lobes and brains were re- 
moved immediately and hypothalamus was dissected on ice. 
Hypothalamus was defined by the posterior margin of optic 
chiasma, anterior margin of mammilary body and lateral hypo- 
thalamic sulci (2 mm depth). The plasma and tissues were 
frozen by dry-ice and stored at —30°C until measured. 

Extractions of peptides from the tissues were performed 
by the method of Rossier, et a/. [22]. Briefly, tissues were 
chopped and boiled in 1 N acetic acid for 15 min and 
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FIG. 1. The changes of plasma IR-8-end (a) and IR-Prl (b) during 
water deprivation. Opened column (() represents the values of 
plasma IR-8-end and IR-Prl before (0 day) and after 1, 2 and 3 days 
of water deprivation. Closed column (@) shows the values when rats 
were given water after 2 days of water deprivation. Vertical bars 
represent the standard error of the mean. ***x*p<0.001 vs. con- 
trols (0 day); ***p<0.01 vs. controls; **xp<0.02 vs. controls; 
*p<0.05 vs. controls. 


0 1 2 3 (day) 0 (day) 


homogenized using a sonicator. After centrifugation, the 
supernatans were neutralized with 1 N NaOH supplemented 
with 0.2 N Na,HPO, and used for RIA. Plasma ADH was 
extracted using Sep-Pak C,, cartridge (Waters Associate 
Inc., Milford, MA). In brief, the cartridge was washed with 
methanol and water. Plasma of 0.5 ml was mixed with 0.5 ml 
of 0.1 N HCl and passed through the cartridge. After wash- 
ing the cartridge with 10 ml 4% acetate, ADH was eluted 
with 1.5 ml methanol. The eluate was partially evaporated 
and lyophilized. The recovery of '**I-lys-vasopressin was 
80-90%. 








plasma ADH 
(pg/ml) 


Experimental Schedules of Water and Food Deprivation 


Experiment |. Animals were forced to water deprivation 
and given foods ad lib. Six animals were sacrificed at the 
same time before and after 1, 2 and 3 days of the water 
deprivation. Another six animals were given water after 2 
days of water deprivation and sacrificed one day after the 
watering. 

Experiment 2. Animals were deprived of water for three 
days and control rats were given water ad lib. Haloperidol (1 
mg/kg, IP) or CB-154 (5 mg/kg, SC) were injected, and 
animals were sacrificed before, 1 hr and 2 hr after the injec- 
tion. 

Experiment 3. Animals were deprived of water for three 
days and control rats were given water ad lib. Alpha- 
methyl-p-tyrosine (200 mg/0.5 ml saline/kg) or saline (0.5 
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FIG. 2. The changes of plasma IR-ADH during water deprivation. 
Opened column (1) represents the values of plasma IR-ADH before 


(0 day) and after 1, 2 and 3 days of water deprivation. Closed column 
(@) shows the values when rats were offered water after 2 days of 
water deprivation. Vertical bars represent the standard error of the 
mean. **&*x*xp<0.001 vs. controls (0 day). 


ml/kg) were injected intraperitoneally, and the animals were 

sacrificed 2 hr after the injections. The concentrations of 

hypothalamic DA were measured in this experiment. 
Experiment 4. Animals were forced to fasting and given 
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FIG. 3. The changes of IR-Met-enk and IR-8-end in anterior and 
neurointermediate lobes during water deprivation. IR-Met-enk (a) 
and IR-8-end (b) in anterior lobe, IR-Met-enk (c) and IR-8-end (d) in 
neurointermediate lobe. Opened column (D) represents the values of 
these peptides before (0 day) and after 1, 2 and 3 days of water 
deprivation. Closed column (™) shows the values when rats were 
given water after 2 days of water deprivation. Vertical bars repre- 
sent the standard error of the mean. **&*p<0.001 vs. controls (0 
day); **p<0.005 vs. controls; *p<0.01 vs. controls. 


water ad lib. Six animals were decapitated at the same time 
before and after 1, 2 and 3 days of fasting. Another six rats 
were given food after 2 days of fasting and sacrificed one day 
after the feeding. 


Peptides and Radioimmunoassay of Hormone 


Beta-end, Met-enk, Pri and ADH were measured by RIA. 
Plasma IR-8-end was measured directly using 100 yl plasma 
and 500 U trasylol per tube, and Pri also was measured di- 
rectly. Plasma ADH was measured after extraction. 

RIA for B-end were performed using an antiserum against 
human f-end (Bio-Flex Laboratories, Inc., NY) and syn- 
thetic B-end (Takeda Chemical Industries, Ltd., Tokyo, Ja- 
pan) as a tracer and an assay standard. The antiserum cross- 
reacts on an equimolar basis with 31 K ACTH, £-lipotropic 
hormone and £-end, but not with ACTH, a and y-end. The 
minimum detectable quantity of this assay was | pg/tube. 
Intra- and inter-assay coefficients of variation were 8% 
(N=10) and 15% (N=10), respectively. The RIA for Met-enk 
was performed using an antiseurum against Met-enk (kindly 
provided by Dr. Miyaji, Hiroshima University, Hiroshima, 
Japan) and synthetic Met-enk (Protein Research Foundation, 
Osaka, Japan) as a tracer and an assay standard. The 
antiserum cross-reacts specifically with Met-enk. Intra- and 
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FIG. 4. Influences of haloperidol (1 mg/kg, IP) on plasma IR-f-end 
in control and water deprived rats. Opened column (1) shows the 
values of plasma IR-8-end in controls and closed column (™) repre- 
sents the values of this peptide in rats deprived water for 3 days. 
Vertical bars represent the standard error of the mean. 
wx %%xp<0.001 (rats deprived water for 3 days (D) vs. controls (C)); 
* xp <0.005 (D vs. deprived rats 2 hr after haloperidol injection); 
*p<0.05 (D vs. deprived rats 1 hr after haloperidol injection). 


inter-assay coefficients of variation were 9% (N=10) and 
14% (N=10), respectively. The lower limit of the sensitivity 
of this assay was 10 pg/tube. The RIA for ADH was per- 
formed using an antiserum against arginine-vasopressin 
(kindly provided by Mitsubishi Yuka Medical Science, To- 
kyo, Japan) and synthetic lysine-vasopressin (Protein Re- 
search Foundation, Osaka, Japan) as a tracer and an assay 
standard. The antiserum cross-reacts specifically with ar- 
ginine- and lysine-vasopressin. The minimum detectable 
quantity of this assay was 0.5 pg/ml. The intra- and inter- 
assay coefficients of variation 5% (N=10) and 12% (N=10), 
respectively. RIA for Pri was performed using rat Pri RIA 
system (kindly provided by National Pituitary Agency, 
HIAMDD). RIA for ACTH was performed using ACTH Kit 
(Green Cross Corporation, Tokyo, Japan). The antiserum 
crossreacts 1-18, 1-24 and 1-39 ACTH but not a-MSH. The 
minimum detectable quantity was 12.5 pg/ml. 

The concentrations of tissue protein were measured by 
Lowry’s method [12]. 


DA Turnover Rate 


Measurement of hypothalamic DA was performed using 
high-speed ion-exchange column chromatography and the 
automated THI method, as described by Viktora et al. (30). 
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FIG. 5. Influences of CB-154 (5 mg/kg, SC) on plasma IR-8-end in 
control and water deprived rats. Opened column (() shows the val- 
ues of plasma IR-£-end in controls and closed column (™) represents 
the values of this peptide in rats deprived water for 3 days. Vertical bars 
represent the standard error of the mean. *+xxp<0.005 (rats deprived 
water for 3 days (D) vs. controls (C)); ***p<0.001 (D vs. deprived 
rats 2 hr after CB-154 injection); **&p<0.02 (D vs. deprived rats 1 hr 
after CB-154 injection). 


In brief, the hypothalamus was homogenized with 0.5 ml of 
0.4 N HCIO, containing 0.2% EDTA and 0.002% ascorbic 
acid by a sonicator. After the centrifugation of 3000 rpm at 
4°C for 15 min, the supernatant was adjusted to pH 8.5 and 
catecholamines were adsorbed by activated alumina and 
then eluted by 0.2 M acetic acid. An automatic fluorometric 
analyser, consisting of a high-speed column chromatograph 
(635A, Hitachi, Tokyo, Japan) using a resin column (3011C, 
Hitachi, Tokyo, Japan), a fluorescence spectrophotometer 
(650-10LC, Hitachi, Tokyo, Japan), a recorder (056, Hitachi, 
Tokyo, Japan) and an automatic integrator (c-RIA, Shimazu, 
Tokyo, Japan), was used for separation and detection of cat- 
echolamines. 

DA turnover rate was calculated by the percent decrease 
of DA contents after the injection of a-methyl-p-tyrosine, 
DA turnover rate (%) = (DA contents after a- 
methyl-p-tyrosine injection/DA contents after saline injec- 


tion) x 100. 
Statistical Analysis 


Values were expressed as the mean+SEM. The two 
tailed Student’s t-test was used for comparisons. 
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FIG. 6. Effects of a-methyl-p-tyrosine on hypothalamic DA con- 
tents in control and water deprived rats. Vertical scale shows the 
percent decrease of hypothalamic DA contents after saline (MM) or 
a-methyl-p-tyrosine (dotted column) injection. Vertical bars repre- 
sent the standard error of the mean. ***p<0.001 (% decrease of 
water deprived rats vs. % decrease of controls). 


RESULTS 


Experiment | 


Plasma IR-8-end was decreased day by day after the start 
of water deprivation (Fig. 1). The decrease in plasma IR-f- 
end returned to the control level one day after watering. 
Plasma IR-Prl also was decreased dominantly by water dep- 
rivation. The decrease in plasma IR-Prl, however, did not 
return to the control level by watering. Plasma IR-ADH was 
increased during water deprivation and restored by watering 
(Fig. 2). In neurointermediate lobe, IR-Met-enk, but not 
IR-B-end, was decreased significantly by water deprivation 
and returned to the control level by watering (Fig. 3). In 
anterior lobe, however, the levels of these peptides did not 
change by water deprivation. Hypothalamic IR-8-end and 
IR-Met-enk, on the other hand, did not change by water 
deprivation, although the data were not shown. 


Experiment 2 


In water deprived rats, the administration of haloperidol 
increased plasma IR-8-end levels (Fig. 4). In the control rats, 
however, plasma IR-8-end was not changed by haloperidol. 
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TABLE | 
THE CHANGES OF IR-8-END, IR-ACTH, IR-PRL AND IR-MET-ENK DURING FASTING 
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IR-8-end 
plasma (pg/ml) 
hypothalamus 
(ng/mg protein) 
pituitary 
(ug/mg protein) 
anterior 
neuro-intermediate 
IR-ACTH 
pituitary 
anterior (ng/mg 
protein) 
neuro-intermediate 
(ug/mg protein) 
IR-Prl 
plasma (ng/ml) 
IR-Met-enk 
hypothalamus 
(ng/mg protein) 
pituitary 
(ng/mg protein) 
anterior 3.39 + 0.57 
neuro-intermediate 44.37 + 7.87 





Values show the standard error of the mean. 
tp<0.02 (vs. controls (0 day)). 
$p<0.01 (vs. rats water deprived for 3 days). 


The administration of CB-154, on the other hand, decreased 


plasma IR-f-end levels in the control rats but not in water 
deprived rats (Fig. 5). 


Experiment 3 


The turnover rate of hypothalamic DA was increased 
significantly in water deprived rats as compared to the con- 
trol rats (Fig. 6). 


Experiment 4 


During fasting for three days, plasma IR-8-end but not 
plasma IR-Prl, pituitary and hypothalamic IR-B-end and 
IR-Met-enk was increased day by day, and returned to the 
control level one day after feeding (Table 1). 


DISCUSSION 


Present study showed that IR-8-end was decreased day 
by day by water deprivation, in contrary to the tendency to 
be increased by fasting in rats. Recently, it has been 
suggested that dopaminergic mechanism participates in and 
suppresses the secretion of pituitary ACTH and B-endorphin 
[S5, 8, 25, 29]. The results in experiment 2 showed the 
stimulatory effect of haloperidol, a DA antagonist, on plasma 
IR-8-end in water deprived rats but not in control rats. The 
inhibitory effect of CB-154, a DA agonist, was observed in 
control rats but not in water deprived rats. These results 
suggest an increase in the activity of hypothalamic 
dopaminergic mechanism in water deprived rats. The results 


in experiment 3 which showed the increase in hypothalamic 
DA turnover in water deprived rats, in addition, confirmed 
the above results and the former discussions concerning the 
inhibitory action of DA on ACTH and £-endorphin secre- 
tions [5, 8, 25, 29]. The tendency to increase in plasma IR- 
B-end by fasting is in agreement with our previous results 
[28]. The reason for the increase by fasting was not under- 
stood and was not clarified in this paper. The relationship 
between hypothalamic B-endorphin and feeding behaviors 
has been discussed in an earlier report in which hypotha- 
lamic B-endorphin was decreased by fasting [4]. However, 
our results had no change in hypothalamic B-endorphin by 
fasting. The differences in species and in the method of de- 
capitation may affect the various results. 

Concerning the physiological roles of Pri in water and 
electrolyte metabolism, many reports suggested that Prl in- 
creases water and sodium reabsorption in kidney [7,17]. Al- 
though the present result of plasma Pri decrease in water 
deprivation seems to be controversial to the above hypoth- 
esis, Vorher et al. [31,32] demonstrated a contamination of 
Pri standard by vasopressin. The relationship between 
osmoregulation and plasma Pri also was controversial. Hor- 
robin et al. [7] reported that injected solution of Pri increased 
plasma sodium and osmolality. Shams et al. [24], however, 
reported with conflicting results that Pri values were de- 
creased significantly by water restriction. Recently, Becker 
et al. [1] offered the similar results with Shams’ report in 
bovine. Our results agreed with the later two reports. Al- 
though the physiological role of plasma Pri decrease in water 
deprivation was not understood clearly, it may be related 
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with the increase activity in hypothalamic DA turnover. No 
return to the basal level by hydration could signify the rela- 
tionship with hypothalamic DA activity. Other factors may 
participate in this phenomenon. 

The present result of decrease in IR-met-enk of neuro- 
intermediate lobe in water deprived rats was compatible with 
the reports by Rossier ef al. [23] and Mata et al. [15]. Re- 
cently, Martin and Voigt [13] reported the concomitant 
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existence of ADH and enkephalins in rat posterior lobe. Al- 
though the physiological meaning of the decrease in 
posterior lobe enkephalins in water deprivation is not 
known, enkephalins might be secreted concomitantly with 
ADH in posterior lobe. Further study should be necessary to 
clarify the relationship between opioid peptides and these 
behaviors. 
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TAKAHASHI, H., T. MOTOMATSU, H. NAWATA, K. KATO, H. IBAYASHI AND M. NOBUNAGA. Influences of 
feeding and drinking on circadian rhythms of opioid peptides in plasma, hypothalamus and pituitary gland in rats. 
PHYSIOL BEHAV 37(4) 609-614, 1986.—Changes of plasma, hypothalamic and pituitary immunoreactive beta-endorphin 
(IR-B-end), methionine-enkephalin (IR-Met-enk) and ACTH (IR-ACTH) were studied under various conditions of feeding 
and watering in rats. When rats were fed from 17:00 to 09:00 hr and water was given ad lib, plasma IR-8-end and IR-ACTH 
had parallel circadian rhythms with a peak before feeding and drinking. In the hypothalamus, IR-8-end and IR-Met-enk 
showed parallel circadian rhythms with a decrease before these behaviors. When rats were fed from 09:00 to 17:00 hr, the 
peaks of plasma IR-B-end and IR-ACTH shifted to one hour before the onset of feeding and drinking. When feeding and 
watering were restricted to 17:00—-09:00 hr and 09:00—-12:00 hr respectively, plasma IR-G-end and IR-ACTH exhibited 
parallel circadian rhythms with two separate peaks at one hour before drinking and feeding, respectively. In the hypothal- 
amus, IR-8-end, IR-Met-enk and IR-ACTH showed parallel circadian rhythms with a decrease before feeding but not 
before drinking. When rats were fed from 17:00 to 20:00 hr, plasma IR-8-end increased and neurohypophysial IR-8-end and 
IR-Met-enk decreased at 16:00 hr, one hour before feeding. It was observed that locomotor activities increased at the time 
of transition from light to dark and at one hour before the onset of feeding and drinking. The present results suggest that 
endogenous opioid peptides may have some physiological roles in feeding and drinking behaviors. 

Feeding Drinking Circadian rhythms 


Opioid peptides Radioimmunoassay 





CIRCADIAN rhythms of the pituitary-adrenal axis have 
been reported to be influenced strongly by restrictions in 
feeding and drinking [1,12]. A close relationship between the 
circadian rhythms and feeding behavior has been established 
[19,22]. 

Recently, opioid peptides, endorphins and enkephalins, 
have been found in pituitary gland and the central nervous 


METHOD 
Animals and Experimental Schedules 


Adult male Wistar-King rats weighing 300-350 g were 
used. Animals were housed five per cage under constant 
conditions (temperature 23°C) with a 12:12 light-dark cycle 
(light on at 08:00 hr). After a ten-day period of adaptation to 


system, and have been suggested to act as neurotransmitters 
or neuromodulators [3, 15, 21]. Administrations of opioid 
peptides and naloxone, a specific opioid receptor antagonist, 
have been reported to have an influence on feeding and 
drinking behaviors [4, 7, 9, 14]. 

To study the physiological roles of endogenous opioid 
peptides in feeding and drinking behaviors, we observed the 
relationships between these behaviors and circadian rhythms 
in plasma, pituitary and hypothalamic IR-8-end, IR-Met- 
enk and IR-ACTH in rats. In the present report, some re- 
lationships between these behaviors and circadian 
rhythms are shown and the physiological roles of opioid 
peptides in feeding behavior are discussed. 


the restricted feeding and drinking schedules, and handling 
for five days, five animals were sacrificed by decapitation. 
Experiment |. Animals were fed between 17:00—09:00 hr 
with water available ad lib. The times of decapitation were 
02:00, 06:00, 10:00, 14:00, 16:00, 18:00 and 22:00 hr. 
Experiment 2. Feeding was restricted to 09:00-17:00 hr 
and water was offered ad lib. Animals were sacrificed at 
02:00, 06:00, 08:00, 10:00, 14:00, 18:00 and 22:00 hr. 
Experiment 3. Feeding was restricted to 16 hours (17:00- 
09:00 hr) and watering was limited to 3 hours (09:00-12:00 
hr). Animals were decapitated at 06:00, 08:00, 10:00, 14:00, 
16:00 and 18:00 hr. 
Experiment 4. Feeding was restricted to 17:00-20:00 hr, 
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FIG. 1. Circadian rhythms in (a) plasma IR-B-end and IR-ACTH, (b) hypothalamic IR-B-end, IR- 
ACTH and IR-Met-enk, (c) food consumption and locomotor activities, and (d) water consumption in 
experiment 1. IR-8-end, IR-ACTH and IR-Met-enk are marked with (@), (O) and (A) respectively. 
Points and vertical bars represent means and standard errors. Locomotor activities are marked with (@), 


which represents the mean value. 


and water was offered ad lib for three weeks. On the day of 
the experiment, animals were fasted and sacrificed at 09:00, 
14:00, 16:00, 18:00 and 21:00 hr. 

Locomotor activities were measured by Running-Wheel 
in experiments 1, 2 and 3. The volumes of food and water 
consumed were measured every 2 hours in experiments 1, 2 
and 3. 


Peptides and Radioimmunoassay 


ACTH, f-endorphin and methionine-enkephalin were 
measured by radioimmunoassay (RIA). The RIA for 
B-endorphin was performed using an antiserum against 
human f-endorphin (Bio-Flex Lab. Inc., NY); human 
B-endorphin (Takeda Chemical Industries, Ltd., Tokyo, Ja- 
pan) was used as a tracer and an assay standard. Beta- 
endorphin was iodinated by the chloramine-T method and 
the iodinated peptide was extracted and purified using silicic 
acid. The antiserum crossreacts on an equimolar basis with 
31 K ACTH, f-endorphin and £-lipotropin, but not with 1-39 
ACTH, a-MSH, methionine- and leucine-enkephalin, a- and 
y-endorphin. The minimum detectable quantity of this assay 
was | pg/tube. The intra- and inter-assay coefficients of var- 
iation were 8 and 18% respectively. The RIA for 
methionine-enkephalin was performed using an antiserum 
against methionine-enkephalin (kindly provided by Dr. T. 
Miyaji, Shizuoka, Japan), which crossreacts specifically 
with methionine-enkephalin; methionine-enkephalin (Protein 
Research Foundation, Osaka, Japan) was used as a tracer 
and an assay standard. Methionine-enkephalin was iodinated 
by the chloramine-T method and the iodinated peptide was 
purified using Bio-Gel P, column which is specific to 


methionine-enkephalin. The lower limit of the sensitivity of this 
assay was 10 pg/tube. The intra- and inter-assay coefficients of 
variation were 9 and 20% respectively. The RIA for ACTH 
was performed using RIA kits (Green Cross Corporation, 
Tokyo, Japan). The minimum detectable quantity was 12.5 
pg/ml. 


Preparations of Sample 


Trunk blood was collected in ice-cold tubes containing 
EDTA (2 mg/ml) and plasma was separated by centrifugation 
at 4°C. Brains were immediately removed, and the hypothal- 
amus was separated on ice. The dissected hypothalamus was 
quickly frozen by dry-ice. Pituitary glands were also taken in 
experiment 4. Hypothalamus was defined by the posterior 
margin of optic chiasma, anterior margin of mammilary body 
and lateral hypothalamic sulci (2 mm depth). The plasma and 
tissues were stored at —30°C until measured. Plasma 
B-endorphin was measured directly by RIA using 100 yl 
plasma and 500 U trasylol per tube. Plasma IR-8-end for 
chromatrography was extracted using Sep-pac C,, cartridge 
(Water Associates, Inc.). Up to 3 ml of plasma was applied 
to one cartridge, which was washed with 20 ml of 0.05 N 
HCl. IR-B-end was eluted with 80% acetone-0.05 N HCl. 
The extracted solutions were evaporated and lyophilized. 
Recovery rates of '*I-human f£-endorphin and '*I-human 
B-lipotropin were 65-70% and 30-35% respectively. Extrac- 
tion of tissue IR-ACTH, IR-6-end and IR-Met-enk was 
performed by the method of Rossier et al. [25] using boiled 1 
N acetic acid. The extracts of plasma, hypothalamus and 
pituitary gland of rat produced dilution curves parallel to 
those of the standards in these RIA systems. 
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FIG. 4. Circadian rhythms in (a) the pars distalis and (b) the pars 
neurointermediate in experiment 4. Pituitary, IR-B-end, IR-Met-enk 
and plasma IR-8-end are marked with (@), (A) and (——) 
respectively. Points and vertical bars represent means and standard 
errors. 


The concentrations of protein in tissues were measured 
by Lowry’s method [13]. 


Gel Exclusion Chromatography 


Pituitary extracts of 0.1 ml were placed on a 0.945 cm 
column of Bio-Gel P-60 (BioRad Laboratories, Richard, CA) 
equilibrated and eluted with standard RIA diluent at 4°C. 
The flow rate was 2.5 mi/hr and 1.0 ml fractions were col- 
lected. The lyophilized extracts from 20 ml of pooled plasma 
at 16:00 hr and 18:00 hr in experiment 4 were reconstituted in 
0.5 ml standard RIA solution. The reconstituted solutions of 
0.4 ml were applied to the column, and aliquots of fractions 
were lyophilized and reconstituted in a 0.12 mi standard RIA 
diluent. Blue dextran was used as a marker for void volume, 
'25]-8-LPH for 8-LPH and '*I-8-endorphin for B-endorphin. 
Recovery rates of I-8-LPH and ™I-8-endorphin from the 
column were 86% in both. 


Statistical Evaluation 


Values were expressed as the mean+SEM. The two 
tailed Student’s t-test was used for comparisons. 


TAKAHASHI ET AL. 


Ve 8-LPH 6-EP Vo 
es 


8-LPH 6-EP 
. 


IR-8-END (ng/ FRACTION) 











IR-6-END (pg/ FRACTION) 











10 20 30 10 


30 
FRACTION NOMBER FRACTION NUMBER 


FIG. 5. Elution profiles of pituitary and plasma IR-$-end from 
Bio-Gel P-60 column (0.745 cm): (a) the pars distalis extracts, (b) 
the pars neurointermediate extracts, (c) plasma extracts at 16:00 hr, 
(d) 18:00 hr in experiment 4. V°: void volume, B-EP: 8-endorphin. 


RESULTS 
Experiment | 


The maximum values for feeding and drinking occurred 2 
hours after the onset of feeding (Fig. 1 c, d). Plasma IR-f- 
end and IR-ACTH showed parallel circadian rhythms with 
peak levels at 18:00 hr; this was before the peak of feeding 
and drinking but not before the onset of feeding and drinking 
time (Fig. 1 a; IR-B-end; 18:00 hr vs. 14:00 hr, p<0.01; 
IR-ACTH; 18:00 hr vs. 14:00 hr and 22:00 hr, p<0.001 and 
p<0.001, respectively). Hypothalamic IR-B-end and IR- 
Met-enk also showed parallel circadian rhythms with a de- 
crease at 18:00 hr (Fig. 1 b; IR-8-end; 10:00 hr vs. 14:00 hr, 
16:00 hr and 18:00 hr, p<0.05, p<0.05 and p<0.02, respec- 
tively; IR-Met-enk; 14:00 hr vs. 18:00 hr, p<0.02). Hypotha- 
lamic IR-ACTH did not change in parallel with IR-8-end and 
did not decrease significantly at 18:00 hr (Fig. 1 b). 


Experiment 2 


Maximum values for feeding and drinking were recorded 
just after the onset of feeding (Fig. 2 c, d). The circadian 
rhythms of plasma IR-8-end and IR-ACTH were parallel 
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and peaks were shifted to 08:00 hr, one hour before the peak 
of feeding and drinking (Fig. 2 a; IR-B-end, IR-ACTH; 
08:00 hr vs. 06:00 hr and 10:00 hr, p<0.05 and p<0.05, re- 
spectively). The basal levels of these plasma peptides were 
elevated in comparison with those in experiment 1. Although 
hypothalamic IR-B-end and IR-Met-enk did not show 
significant circadian rhythmicity, they had tendencies to de- 
crease before feeding and drinking (Fig. 2 b). 


Experiment 3 


Maximum values for feeding and drinking occurred just 
after the onset of feeding and drinking respectively (Fig. 3 c, 
d). Plasma IR-8-end and IR-ACTH showed parallel circa- 
dian rhythms with two separate peaks at 08:00 hr and 16:00 
hr, one hour before the peaks of feeding and drinking, re- 
spectively (Fig. 3 a; IR-B-end; 08:00 hr vs. 06:00 hr and 
10:00 hr, p<0.005 and p<0.005, respectively; 16:00 hr vs. 
14:00 hr and 18:00 hr, p<0.001 and p<0.001, respectively; 
IR-ACTH; 08:00 hr vs. 06:00 hr and 10:00 hr, p<0.02 and 
p<0.02, respectively; 16:00 hr vs. 14:00 hr and 18:00 hr, 
p<0.02 and p<0.02, respectively). The basal levels of these 
peptides were also elevated in comparison with those in ex- 
periment 1. In the hypothalamus, on the other hand, IR-f- 
end, IR-Met-enk and IR-ACTH showed significant (Fig. 
3 b; 08:00 hr vs. 14:00 hr and 16:00 hr, p<0.05 and p<0.05, 
respectively) and almost parallel circadian rhythmicity with 
higher levels before drinking and lower before feeding. 


Experiment 4 


Plasma IR-8-end increased one hour before and de- 
creased one hour after the onset of feeding time, even though 
the animals were fasted on the day of the experiment. In the 
pars neurointermediate, but not in the pars distalis, IR-B- 
end and IR-Met-enk were significantly lower one hour before 
the feeding time, in contrast with plasma IR-8-end (Fig. 4 a, 
b; IR-8-end; 16:00 hr vs. 08:00 hr and 18:00 hr, p<0.05 and 
p<0.05, respectively; IR-Met-enk; 16:00 hr vs. 08:00 hr and 
18:00 hr, p<0.001 and p<0.01, respectively). 

Locomotor activities increased at 20:00 hr, the time of 
transition from light to dark in experiments 1, 2 and 3. The 
activities increased at 08:00 hr in experiment 2, and at 08:00 
hr and 16:00 hr in experiment 3, one hour before feeding or 
drinking respectively. 

Chromatographic analysis of IR-B-end suggested that 
plasma and pituitary IR-B-end were composed of two main 
components, B-LPH and #-end. The ratios of B- 
LPH/f-end (W/W) were 1.14 and 0.01 in the pars distalis 
and the pars neurointermediate, respectively (Fig. 5 a, b). 
The plasma 8-LPH/f-end ratios, corrected for the recovery 
rates in the extraction procedure, were 0.54 ana 0.26 at 16:00 
hr and 18: hr, respectively (Fig. 5 c, d). 


DISCUSSION 
ACTH and endorphins have been shown tv be synthe- 
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sized from a common precursor, proopiomelanocortin 
[17,24], and simultaneous secretions of plasma IR-ACTH 
and IR-8-end have been reported [8,18]. The present study 
shows that plasma IR-ACTH and IR-6-end have parallel 
circadian rhythms with a transient increase before the onset 
of feeding and drinking, respectively. These results are con- 
sistent with earlier reports which have shown transient in- 
creases of plasma IR-ACTH and corticosteroid before feed- 
ing and drinking [1, 12, 16]. These anticipatory increases are 
thought to be specifically related to feeding and drinking 
behaviors, because plasma IR-§-end did not increase at 
18:00 hr in spite of the increase of locomotor activities in 
experiment 2. 

Transient increases in plasma IR-ACTH and IR-S-end 
before feeding were observed, even though the animals were 
fasted on the day of the experiment. The circadian 
rhythmicity in the levels of these plasma peptides which are 
related to feeding and drinking may be endogenous, as dis- 
cussed in an earlier report [10]. 

Hypothalamic IR-S-end and IR-Met-enk, on the 
other hand, were lower before feeding but not before drink- 
ing. These decreases in hypothalamic opioid peptides before 
feeding might be specifically related to feeding behaviors. 
Recently, the involvement of central nervous opioid peptides 
in appetite has been suggested [2, 11, 20]. Another possibility 
is as follows. The decreases in hypothalamic opioid peptides 
might be due to light, because significant decreases were 
observed during the light phase in experiments | and 3. Re- 
cently, Przewtocki et al. [23] have reported higher levels of 
IR-dynorphin in the hypothalamus during the day. 

The higher levels of plasma IR-ACTH and IR-8-end in 
experiments 2 and 3, compared with experiment 1, may be 
due to stress by unnatural feeding and watering restrictions. 
In experiment 1, nearly typical circadian rhythms of feeding 
and drinking were observed. 

Hypothalamic IR-ACTH did not change in parallel with 
IR-B-end in experiment 1. Different processing of 
proopiomelanocortin related peptides in human pituitary [15] 
has been reported. Gambert et al. [6] also reported non- 
parallel change of IR-6-end and IR-ACTH levels in the 
pituitary and corpus striatum of rats. 

IR-8-end in the pars neurointermediate, but not in the 
pars distalis, showed an opposite change to plasma IR-A- 
end before feeding in experiment 4. Chromatographic 
analysis of plasma and pituitary IR-B-end, on the other hand, 
revealed that $-LPH/B-end ratios of plasma _ IR-f- 
end are the values between the ratios in the pars distalis 
and the pars neurointermediate. These results suggest that 
the secretion of IR-8-end from the pars neurointermediate, 
in addition to the pars distalis, is stimulated before feeding. 

In conclusion, IR-8-end in plasma and the hypothala- 
mus might have some physiological role in feeding and drink- 
ing behaviors, but additional studies are necessary to clarify 
the physiological role of endogenous opioid peptides in feed- 
ing and drinking behaviors. 
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KURATA, K., K. FUJIMOTO, T. SAKATA, H. ETOU AND K. FUKAGAWA. D-glucose suppression of eating after 
intra-third ventricle infusion in rat. PHYSIOL BEHAV 37(4) 615-620, 1986.—To clarify the hypophagic action of 
D-glucose, meal size, postprandial intermeal interval and eating rate were analyzed after infusion of glucose into the third 
cerebroventricle. The effects of glucose structure modification on feeding modulation were examined by comparing the 
effects of glucose to those of its epimers, D-mannose, D-allose and D-galactose. Glucose, infused in doses of 6 to 24 uwmol, 
dose relatedly reduced meal size, but did not change other meal parameters. The minimum dose of glucose to induce 
feeding suppression was between three and 6 wmol. The epimers, at doses of 24 wmol, did not affect food intake or body 
weight. Drinking patterns and ambulatory activity were not changed by glucose infusion. These findings were consistent 


with neuronal activity observed in the ventromedial hypothalamic nucleus. 
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D-GLUCOSE is known to govern hypothalamic neuronal 
activity when membrane depolarization or hyperpolarization 
induced by glucose leads to excitation of glucoreceptor 
neurons in the ventromedial hypothalamic nucleus (VMH) or 
inhibits glucose-sensitive neurons in the lateral hypothala- 
mus (LHA) [14]. In addition to this electrophysiological evi- 
dence, hypophagic effects of parenterally administered glu- 
cose have been reported [7, 15, 21, 26]. 

The present investigation was intended to: (1) analyze 
changes in daily feeding patterns after glucose injection in 
terms of meal size, postprandial intermeal interval and eating 
rate, and (2) compare changes of food intake induced by 
glucose with those induced by glucose epimers to elucidate 
the effects of structural differences of glucose on feeding 
behavior. 


METHOD 


Adult male Wistar King A rats weighing 270-320 g were 
used. They were housed in a sound-proof room automati- 
cally illuminated daily from 0800-2000 hr (a 12:12 hr light- 
dark cycle) and maintained at 21+2°C with humidity at 
55+5%. At least one week before testing, all rats were im- 
planted with a third cerebroventricle cannula of 29-gauge 
stainless-steel tubing [4]. Food intake and body weight were 
ascertained to have returned to normal before testing. Prior 
to each experiment all rats were handled for five min daily 
during five successive days to habituate them to handling. 
Tests started at 1930 hr. All infusions were started within one 
min, and after 10 min, all were stopped within one min. Test 
solutions of 10 ul were infused into the third cerebroventricle 
at a rate of one yul/min. Controls were infused with the same 
volume of 0.15 M saline. Each rat was infused only once and 
was tested under unanesthetized and unrestrained conditions 
[18]. Solutions of D-glucose (Sigma Co., Ltd.), D-mannose 


(Sigma Co., Ltd.), D-allose (Sigma Co., Ltd.) and 
D-galactose (Sigma Co., Ltd.) were freshly prepared on the 
test day. To ascertain positions of cannulae in the cere- 
broventricles, dye was infused into the third cerebroventri- 
cle immediately after cessation of all experiments. Values 
were expressed as differences from corresponding levels 
measured before injection. Statistical evaluation of the data 
was carried out using Welch's test and analysis of linear re- 
gression. 


Measurement of 24 hr Powdered Food Consumption 


The rats were allowed free access to tap water and pow- 
dered food (Clea rat chow No. CE-2, Japan Clea Inc. Ltd.). 
Food consumption, using feeding boxes which devised to 
accurately measure powdered food consumption [6], and 
body weight were measured daily at 2000 hr immediately 
before the dark period. After five days adaptation, baseline 
data were collected during days 6, 7 and 8. Matched on the 
basis of food intake and body weight, 17 rats were divided 
into groups of four for 2.4 M glucose, three for 2.4 M man- 
nose, three for 2.4 M allose, three for 2.4 M galactose and 
four for 0.15 M saline control infusions. Daily food intake 
and body weight were observed for two days after infusion. 


Feeding, Drinking and Ambulation 


The rats were allowed free access to standard pellet rat 
chow (Kanae Inc., Japan, mean weight, 48.8+0.7 mg rang- 
ing from 45 to 55 mg), and tap water (mean droplet volume, 
63.1+0.8 ul ranging from 57 to 70 wl). Each rat was housed in 
a 30x 25x25 cm test chamber equipped with a pellet sensing 
eatometer [8], a photoresistor drinkometer [18] and photo- 
sensing counters to measure activity (Astec Co. Ltd., Japan) 
[19]. Each pellet eaten and each droplet consumed were au- 
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TABLE | 


FOOD CONSUMPTION AND BODY WEIGHT DIFFERENCES FROM PRETREATMENT LEVELS AFTER 
INTRA-THIRD VENTRICLE INFUSION OF D-GLUCOSE, D-MANNOSE, D-ALLOSE AND D-GALACTOSE 





Day of infusion 
Food intake 


First day after infusion 


Body weight Foodintake Body weight 


Treatment 


(g) 


(g) 


(g) 


(g) 





Glucose 
Mannose 
Allose 
Galactose 
Saline 


24 wmol(n = 
24 wmol (n = 
24 wmol (n = 


24 wmol (n 


—6.0 + 0.17 
—0.1 + 0.8 
—0.8 + 1.2 
—0.1 + 0.7 
+0.1 + 0.7 


—6.3 + 0.5 
—2.7 + 0.7 
—-1.0 + 1.4 
—0.7 + 0.5 
+0.1 + 1.7 


1.5 uwmol (n = 4) 


—1.5 + 0.5 
+0.6 + 1.2 
-0.2 + 1.1 
+0.8 + 0.3 
+0.9 + 0.7 


—3.8 + 0.7 
—3.0 + 2.1 
+0.7 + 1.9 
+2.3 + 1.7 
+0.3 + 1.1 





Values, means + S.E., differences from pretreatment levels. 
+=p<0.01, compared to appropriate saline values. 


a 


(number of pellets ) 


-100 


Difference from pretreatment level 


Food intake 








-150 





Day of injection Day after 

FIG. 1. Changes in 24 hr cumulative food intake after infusion of 
D-glucose into third ventricle. Doses: 3 to 24 wmol. Infusion time: 
1930 hr. Each column: difference from pretreatment mean 
value+S.E. Significant difference relative to appropriate saline con- 
trol, *=p<0.05. Wide striped column, 24 uwmol glucose; verticle 
lined column, 12 u~mol glucose; narrow striped column, 6 zmol glu- 
cose; dark column, 3 yzmol glucose; open column, 1.5 zmol saline. 


tomatically recorded in a computer. Details of the apparatus 
and procedures are described elsewhere [17]. After one week 
adaptation to the test chamber, data were recorded for 60 hr 
before and 48 hr after infusion of the test solutions. Matched 
on the basis of food consumption and body weight in the 60 
hr pretest data, rats were divided into five groups of four per 
group, 2.4 M, 1.2 M, 0.6 M, 0.3 M glucose and 0.15 M saline 
control. 


Cumulative food intake for 24 hr. Changes in food intake 
were analyzed in terms of 24-hr cumulative measures during 
the experiment. 

Analysis of meals during the first four hr after infusion. 
Changes in food intake after infusion of the test solutions 
were analyzed in terms of one-hr cumulative measures be- 
tween 2000 and 2400 hr in the first dark period. Meal size was 
defined as the number of pellets eaten during a meal. 
Postprandial intermeal intervals were taken as the time from 
the last pellet in one meal to the first pellet in the next. Eating 
rate was calculated from meal size divided by meal duration. 
A meal was defined as a bout of eating more than 10 pellets 
with postprandial intermeal interval exceeding 10 min [18]. 


RESULTS 
Powdered Food Consumption for 24 hr 


Table 1 shows changes in powdered food intake and body 
weight after administration of 24 wmol glucose, mannose, 
allose or galactose or the same volume of 1.5 wmol saline 
into the third cerebroventricle. Food intake and body weight 
of saline controls did not change significantly after infusion 
compared to pretreatment levels. These levels were 
23.2+0.7 g (mean+S.E.) of food eaten, and 311.0+6.0 g of 
body weight. On the first day after infusion, glucose signifi- 
cantly decreased food intake compared to the saline controls 
(t=13.0, p<0.01). On the second day, food intake recovered 


baseline level. Body weight tended to decrease on the first 
day after glucose infusion, but a single infusion of 24 uwmol 
glucose was not enough to reduce body weight significantly 
(t=2.8, p>0.05). Mannose, allose and galactose did not af- 
fect food intake or body weight. Basal levels of food intake in 
the glucose, mannose, allose and galactose groups were 
23.7+1.8, 22.5+2.2, 25.4+1.2 and 24.3+0.9 g, and basal 
body weights were 289.7+ 17.2, 297.5+ 16.6, 301.0+5.2 and 
297.3+10.1 g, respectively. 


Daily Ingestion Patterns 


Cumulative food intake for 24 hr. As shown in Fig. 1, 24 
mol glucose significantly decreased food intake compared 
to the controls in the first 24 hr after infusion (¢=6.1, 
p<0.01). In the 24 to 48 hr period, food intake returned to 
near the baseline level. After injection of three, 6 or 12 umols 
glucose, or control saline, 24-hr cumulative food intake was 
not significantly affected. 

Meals during the first four hr after infusion. Table 2 
shows the time course of changes in meal size, eating rate 
and postprandial intermeal interval in successive one-hr 
intervals during the first four hr in the first dark period after 
injection. Glucose at dose of 6, 12 and 24 wmol decreased 
meal size in the first one-hr period from 2000 to 2100 hr (6 
pmol, 1=2.7, p<0.05; 12 wmol, t=5.3, p<0.05; 24 uwmol, 
t=7.3, p<0.01), but three wmol glucose did not influence 
meal size. Inhibition of meal size by 24 wmol glucose was 
still evident in the second one-hr cumulative period from 
2100 to 2200 hr (t=5.7, p<0.01), but the meal sizes of all 
other groups, three, 6 and 12 wmol, were not significantly 
different from that of the controls. In the third one-hr 
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TABLE 2 


ONE HOUR CUMULATIVE MEAL SIZE (MS), EATING RATE (ER) AND POSTPRANDIAL INTERMEAL 
INTERVAL (IMI) DURING FIRST 4 HOUR PERIOD AFTER INFUSION OF D-GLUCOSE INTO THIRD 
VENTRICLE IN 3 TO 24 umol DOSES. 





Treatment and 


behavioral item 2000-2100 


1 hr period 


2100-2200 2200-2300 2300-2400 





Glucose 

24 umol 
MS (pellets) 
ER _ (pellets/min) 
IMI (min) 

12 umol 
MS (pellets) 
ER (pellets/min) 
IMI (min) 


i+ I+ I+ 


I+ It I+ 


(pellets) 
(pellets/min) 
(min) 


I+ I+ I+ 


(pellets) 
(pellets/min) 
(min) 


I+ I+ I+ 


Saline 
1.5 umol 
MS (pellets) 
ER (pellets/min) 
IMI (min) 


i+ I+ I+ I+ I+ I+ I+ 1+ I+ 
it 1+ I+ It I+ I+ i+ 1+ I+ 
it I+ H+ I+ 1+ I+ i+ 1+ I+ 


i+ I+ I+ 


I+ I+ I+ 





Values, mean + S.E., differences from pretreatment levels. 


*=p<0.05, *=p<0.01, compared to corresponding saline controls. 


cumulative period from 2200 to 2300 hr and thereafter, there 
was no significant difference in meal size of any group. Basal 
meal sizes during the one-hr cumulative periods, 2000 to 
2100, 2100 to 2200, 2200 to 2300 and 2300 to 2400 hr were 
46.9+7.2, 41.6+6.7, 34.8+3.6 and 40.8+5.7 pellets, respec- 
tively. As indicated in Fig. 2, the reduction of meal size 
during the first one-hr period after intra-third ventricle infu- 
sion of glucose was dose-dependent, F(1,13)=46.3, p<0.01. 
The slope of the regression line was —23.8 pellets/umol. Eat- 
ing rates and postprandial intermeal intervals were not af- 
fected. The basal mean eating rates during the one-hr 
cumulative periods, 2000 to 2100, 2100 to 2200, 2200 to 2300 
and 2300 to 2400 hr, were 3.0+0.2, 3.3+0.2, 2.9+0.2 and 
3.0+0.3 pellets/min, and the basal postprandial intermeal in- 
vervals were 54.9+13.1, 94.8+28.6, 80.6+13.5 and 
66.6+ 17.8 min, respectively. 


The first meal after infusion. Latencies to eat the first 
meal after injection of three, 6, 12 and 24 uzmol glucose were 
45.7+4.8, 40.9+1.5, 40.2+2.6 and 43.6+3.5 min, respec- 
tively. These values did not differ significantly from that of 
the saline controls (40.5+5.0 min). 

Feeding, drinking and ambulatory activity patterns be- 

fore and after injection. Typical feeding, drinking and ambu- 
latory activity patterns for one rat in 36 hr before and 12 hr 
after infusion of three and 24 yzmols glucose are shown in 
Fig. 3A and B, respectively. No suppression of feeding was 
observed after injection of glucose at the lowest dose of three 


Difference from pretreatment level 
Meal size (number of pellets) 








60 
Log dose (pmol/rat) 


FIG. 2. Dose-response curve of feeding suppression during first 1 hr 
period after intra-third ventricle infusion of D-glucose. Values: 
mean+S.E. of meal size, differences from pretreatment values. 
Meal size diminished linearly with increase of molar glucose dose (Y 
= —23.8 logX + 10.6, r=0.78, p<0.01). 
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FIG. 3. Typical feeding, drinking and ambulatory activity patterns. One rat, before and after 
infusion. Infusion time: 1930 to 1940 hr. Feeding: number of standard pellets (mean weight, 
48.8+0.7 mg ranging from 45 to 55 mg) eaten. Drinking: number of water droplets (mean 
volume, 63.1+0.8 yl ranging from 57 to 70 wl) consumed. Activity: number of ambulatory 
activity measured by counting crossings of photobeams. Shading, dark time. A: 3 umol glucose; 
B: 24 umol glucose. 
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mol (Fig. 3A). In the short-term period of 2000 to 2200 hr 
after injection of 24 ~mol glucose, eating bursts decreased in 
size, although interburst intervals did not change (Fig. 3B). 
Drinking and ambulatory activity patterns after injection of 
glucose at doses of three and 24 umols did not change com- 
pared to the preinjection patterns. 


DISCUSSION 


As shown in our previous studies, position of hydroxyl 
groups on a glucose pyranose ring is important to affect food 
intake when glucose or its analogues are applied to mammals 
[4, 5, 19, 20]. In agreement with the observed lack of effec- 
tiveness of I-deoxy typed glucose-epimers, |-deoxy-D- 
mannose, |-deoxy-D-allose and 1l-deoxy-D-galactose, on 
feeding [4], the present experiment revealed that the anorec- 
tic effect of glucose was abolished when a hydroxyl group of 
the glucose molecule on carbon two, three or four was 
epimerized into mannose, allose or galactose. Brain hexo- 
kinase has been shown to have less affinity for mannose than 
for glucose [25], and the rate of mannose utilization in the 
brain was lower than that of glucose [27]. It was also 
demonstrated that transport of allose and galactose into cells 
was slight as was their phosphorylation by brain hexokinase 
[2,27]. These results indicate that these epimers are not 
structurally recognized as glucose, probably because steric 
constraints are strongly introduced into the configuration by 
epimerization at each of the carbons [2,27]. Consequently, 
the structural characteristics of glucose, which have specific 
hydrogen bonding with the glucopyranose ring in the glucose 
molecule, are important for the control of food intake gov- 
erned by glucose. 

The present study revealed that the minimum dose of 
glucose to suppress feeding was between three and 6 uwmol. 
This dosage is estimated to be in the physiological range. 
Because the total volume of the rat cerebrospinal fluid is 
found to be about 300 ul [22], a minimum concentration of 
ventricular glucose to induce anorexia is estimated to range 
from 10 to 20 mM. The influx rate of glucose from the cere- 
broventricle to the brain parenchyma is about 15% in the cat 
[3]. Based on these data, the glucose concentration used can 
be calculated to produce 1.5 to 3.0 mM in the tissue sur- 
rounding cerebroventricle. These concentrations are com- 
parable to the physiological fluctuation of glucose in brain 
tissue, because the level of blood glucose has been reported 
to vary from five to 9 mM in the rat after a usual meal [28], 
and the brain uptake of glucose is approximately 22.5% that 
of water [10]. Taken in concert with the other report that the 
Michaelis constant for the influx of glucose from the blood 
into the brain is 7.2 mM [1], glucose concentration used in 
the present study seems to be an optimum dose for its 
prompt uptake into the cells of the brain. In fact, the glucose 
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concentration used is also consistent with the finding that the 
threshold value of glucose concentration that increased the 
discharge frequency of glucoreceptor neurons in the VMH 
was 2.0 mM [13]. Consequently, the feeding suppression ob- 
served in the present experiment seems to be a physiological 
response to the glucose infusion used. 

Meal size might be decreased by activation of VMH 
glucoreceptor neurons, since electrical stimulation of VMH 
glucoreceptor neurons terminated ongoing feeding [14]. In 
contrast, LHA neuronal activity has been reported to be 
closely associated with the onset of feeding [14]. Thus, sus- 
tained inactivation of LHA neuronal activity might suppress 
the onset of a meal and prolong the postprandial intermeal 
interval. Sustained inactivation of LHA neurons caused by 
intraventricular infusion of 2-deoxy-D-glucose and other 
glucose analogues suppressed feeding by prolonging of 
postprandial intermeal intervals [4,29]. Mazindol, a non- 
amphetaminergic anorectic agent, which selectively inhibited 
the activity of LHA glucose-sensitive neurons and facilitated 
VMH glucoreceptor neurons [24], was found to reduce meal 
size and prolong postprandial intermeal intervals [18]. In 
addition, glucose, as shown in the present study, suppressed 
feeding by reducing meal size, leaving postprandial intermeal 
interval and eating rate unaffected, and this decreased meal 
size was linearly related to molar glucose dose. These behav- 
ioral findings are quite consistent with electrophysiological 
evidence that glucose activates VMH glucoreceptor neurons 
dose-dependently [12,14]. Electrophoretic application of 
glucose also inhibits neuronal activity of LHA glucose- 
sensitive neurons [12,14]. These findings seem to be incom- 
patible with our present result in which intraventricular glu- 
cose did not affect postprandial intermeal interval. This in- 
consistency may be attributable to the fact that glucose is 
utilized immediately after intra-cerebroventricular infusion 
[11]. Consequently, the effect of glucose is not thought to 
last long enough to prolong postprandial intermeal interval 
and to sustain its suppressive effect on feeding. Thus, the 
present results suggest that physiological action of glucose 
may at least suppress feeding mainly through activation of 
VMH glucoreceptor neurons rather than inactivation of 
LHA glucose-sensitive neurons. 

In conclusion, feeding suppression induced by glucose 
was a result of dose-related reduction of meal size, and not 
prolongation of postprandial intermeal interval. The effect of 
glucose on regulation of feeding behavior may depend on the 
specific hydrogen bonding with a glucopyranose ring of the 
glucose molecule. 
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AUSTIN, D. AND D. A. DEWSBURY. Possible influence of strain differences on pregnancy initiation in laboratory rats. 
PHYSIOL BEHAV 37(4)621-625, 1986.—Recent research in this laboratory has failed to replicate previous findings that the 
first ejaculatory series of the male is sufficient to induce a high incidence of pregnancy in female laboratory rats (Rattus 
norvegicus). The incidence of pregnancy and pseudopregnancy in albino and hooded females were compared in a standard 
experimental paradigm. Eight percent of Sprague-Dawley albino females exhibited a progestational response, while 45% of 
the Long-Evans hooded females became progestational. On the basis of these findings, and a lack of previous formal 
comparison of genetic strains, it is suggested that genetic differences among strains may be at least partially responsible for 


differences observed in the ability of a single ejaculatory series to impregnate female laboratory rats. 
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ALTHOUGH male Norway rats (Rattus norvegicus) typi- 
cally exhibit multiple ejaculations during a single mating 
session [4], a high incidence of pregnancy has commonly 
been shown to result when females are mated to males for 
their first ejaculatory series only [1, 6, 7, 11, 14, 15S]. A 
number of more recent studies, however, indicate that a 
single ejaculatory series may not provide adequate stimula- 
tion for the induction of pregnancy under all conditions. 
Multiple ejaculatory series are required by older, multipar- 
ous females for the induction of pregnancy [7]. In addition, in 
females mated during postpartum estrus multiple ejaculatory 
series facilitate successful reproduction; multiple series can 
both increase the incidence of pregnancy and decrease the 
number of stillborn pups [6]. Finally, there are reports of a 
lowered incidence of pregnancy following a single ejacula- 
tory series in females displaying estrous cycles of varying 
length [12], or those exhibiting ‘‘dampened”’ estrous cycles, 
i.e., one in which predominantly nucleated vaginal smears 
were present at estrus instead of the normally fully-cornified 
cells [11]. 

One possible contributor to these differences among 
studies is the strain of rat used. Most investigators have 
typically utilized albino strains of rats in their research. 
Table 1 lists the strain and supplier, the amount of pre- 
ejaculatory stimulation received by the female, and the inci- 
dence of pregnancy reported by previous researchers. These 
data suggest that strain and/or supplier differences may play 
a role in differences among the various studies of the inci- 
dence of pregnancy induction. Strain differences in response 
to treatment are, of course, not uncommon. Although this 
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factor has not been examined with respect to the induction of 
pregnancy in rats, Rodgers and Schwartz [13] have quan- 
tified strain differences in the number of ova ovulated in rats 
after receiving five intromissions. They found indications of 
a strain difference in responsivity to copulation as a function 
of time of day of induction. 

Recently, we observed a low incidence of pregnancy in 
young, virgin rats in response to mating with a male for a 
single ejaculatory series. Since a similar discrepancy had 
occurred in a previous study in this laboratory [3], it was 
decided to investigate this phenomenon systematically. The 
purpose of the present research was to assess whether 
procedural or possible strain differences could have influ- 
enced the low incidence of pregnancy seen in response to 
mating with the male for a single ejaculatory series. In Ex- 
periment 1, we documented the lowered incidence of preg- 
nancy observed in this laboratory. In Experiment 2, an at- 
tempt was made to eliminate procedural variables as a 
source of this discrepancy. Experiments 3 and 4 demonstrate 
strain differences in the incidence of progestational response 
in laboratory rats. 


METHOD 
Experiment | 


Experiment | was designed to determine the incidence of 
pregnancy and pseudopregnancy in Long-Evans female rats 
mated for one ejaculatory series. 

Subjects and housing. Subjects were ten male and ten 
female Long-Evans hooded laboratory rats obtained from 
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TABLE | 
SUMMARY OF STUDIES EXAMINING PREGNANCY INDUCTION IN LABORATORY RATS 





No. of 
Pre-ejaculatory % 


Strain of Female Intromissions Pregnant 


Supplier Reference 





Sprague-Dawley (Albino) Berkeley Pacific 6-19 
Sprague-Dawley (Albino) Simonsen Labs 18-20 


Sprague-Dawley (Albino) 7 =4 
Holtzman (Albino) ? 
Holtzman (Albino) ? 
Holtzman-derived (Albino) ? 
Holtzman-derived (Albino) ? 
Long-Evans (Hooded) 
Long-Evans (Hooded) 
Long-Evans (Hooded) 
Long-Evans (Hooded)? 
Long-Evans (Hooded) 


Blue Spruce 
Blue Spruce 
Diablo >4 
Diablo? >4 
Charles River 


one ejaculatory series 
one ejaculatory series 
one ejaculatory series 
one ejaculatory series 
one ejaculatory series 
one ejaculatory series 


one ejaculatory series 





*Females exhibiting five-day estrous cycle. 

+Females exhibiting four-day estrous cycle. 

tFemales exhibiting ‘‘normal’’ estrous cycle (see text). 
§Females exhibiting *‘dampened estrous cycle (see text). 


Charles River Breeding Laboratories. All animals were 60 to 
70 days of age upon receipt. The subjects were individually 
housed in metal Wahmann hanging cages with Purina labora- 
tory chow and water available at all times. The colonies were 
maintained on a 14 L:10 D photoperiod of fluorescent light 
with light onset at 2000 hr. All animals were allowed at least 
two weeks to adapt to laboratory conditions prior to pretest- 
ing. 

Procedures. Males and females were virgins at the be- 
ginning of the experiment. The estrous cycles of females 
were monitored by daily vaginal smears. Only those females 
displaying at least two consecutive four- to five-day estrous 
cycles were included in this study. Only those animals that 
had been proven fertile through pretesting were included in 
experimental testing. After the birth of a litter resulting from 
a pretest, only those females that exhibited at least two reg- 
ular estrous cycles were included in any further testing. Only 
those females displaying either proestrous or first day of 
estrous vaginal smears on the day of testing were used. 

All copulatory testing was conducted during the dark 
phase of the light-dark cycle under low-level incandescent 
illumination. Animals were tested in cylindrical Plexiglas 
copulatory arenas measuring 55 cm in diameter and 46 cm 
high, with San-i-cel as substrate. Copulatory tests were 
begun by placing the male into the copulatory arena for five 
min, after which time the female was introduced. The pair 
was permitted to copulate until the occurrence of the male’s 
first ejaculation. The female was then immediately returned 
to her home cage. Daily vaginal smears were continued after 
all copulatory tests in order to detect any resulting preg- 
nancy or pseudopregnancy, defined as any prolonged (typi- 
cally >10 days) leucocytic vaginal smears not resulting in the 
birth of a litter. Pregnant females were allowed to give birth 
to their litters. The number of pups per litter and the inci- 
dence of pseudopregnancy were recorded. 

'.. Copulatory behavior of the male in the form of mounts, 
intromissions, and ejaculations was recorded by a single ob- 
server using an event recorder. Mounts were defined as 
those instances in which the male straddled and palpated the 


hind flanks of the female but no vaginal penetration oc- 
curred. Intromissions were similar, except that vaginal pene- 
tration occurred. Ejaculations were defined as those intromis- 
sions during which ejaculation occurred. The following stand- 
ard copulatory measures were obtained: mount latency (ML), 
latency (sec) from the introduction of the female to the first 
mount; intromission latency (IL), latency (sec) from the in- 
troduction of the female until the first intromission; ejacula- 
tion latency (EL), latency (sec) from the first intromission to 
the terminal ejaculation; mount frequency (MF), number of 
mounts within an ejaculatory series; intromission frequency 
(IF), number of intromissions within an ejaculatory series; 
and mean inter-intromission interval (MIII), mean interval 
(sec) separating successive intromissions within an ejacula- 
tory series. While not typically included as a measure of male 
rat copulatory behavior, ejaculation duration (ED), defined 
as the time (sec) from the beginning of the ejaculatory in- 
tromission until the male and female separate, was included 
in this experiment. Ejaculation duration was recorded be- 
cause of the findings of Matthews and Adler [9,10] that pro- 
tracted immobility by the male and female at the time of 
ejaculation facilitates the deposition of the male’s copulatory 
plug, enabling it to more tightly adhere to the cervical os. 
This, in turn, augments the transport of sperm from the va- 
gina to the uterus, which can reasonably be expected to influ- 
ence the probability of pregnancy. 


Experiment 2 


Long-Evans females were again studied in Experiment 2. 
However, females were left in the testing apparatus longer 
after ejaculation in an effort to eliminate immediate distur- 
bance as a possible factor. 

Subjects were 20 male and 20 female Long-Evans hooded 
rats obtained from Charles River Breeding Laboratories. 
Seventeen of the ma‘ s had been used in other experiments 
involving copulatory behavior. Females were placed with a 
male and allowed to copulate until the occurrence of a single 
ejaculation. The male was then removed from the copulatory 
arena and returned to his cage. The female was allowed to 
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FIG. 1. Percent pregnancy and pseudopregnancy for females mated 
for one ejaculatory series in Experiment 1-4. Dark portion of bar 
represents pregnancy, while light portion of bar denotes pseudo- 
pregnancy. 


remain alone in the testing arena for at least 15 min before 
being returned to her home cage. All other procedures were 
as in Experiment 1, except that measurement of ejaculation 
duration was discontinued, given the very limited variability 
found in the first experiment. 


Experiment 3 


In Experiment 3, the responsiveness of two strains of 
females was compared. 

Subjects were 21 male Long-Evans hooded rats obtained 
from Charles River Breeding Laboratories. Females tested 
included 20 Sprague-Dawley albino rats obtained from 


Charles River Breeding Laboratories and 20 Long-Evans 
hooded rats obtained from Blue Spruce Laboratories. All 
subjects were pretested for fertility and tested according to 
those procedures described in Experiment 2. 


Experiment 4 


In Experiment 4, the responsivity of albino females was 
replicated. 

Subjects were those males used in Experiment 3, and 25 
Sprague-Dawley albino females obtained from Charles River 
Breeding Laboratories. All subjects were pretested for fer- 
tility and tested according to those procedures described in 
Experiment 2, except that male copulatory behavior was not 
recorded. 


RESULTS 
Fertility 


Information on the percentage of females pregnant and 
pseudopregnant in the four experiments is presented in Fig. 
1. Forty percent of the Long-Evans females tested became 
pregnant in Experiment 1, while an additional 10 percent 
became pseudopregnant. Mean litter size in this experiment 
was 11.8. The incidences of pregnancy and pseudopregnancy 
were similarly low in Experiment 2 (35% and 30%, respec- 
tively). Mean litter size was 8.6 pups. 

Although the albino females in Experiment 3 exhibited a 
higher incidence of pregnancy (55%) than hooded females 
(30%), there were no statistically significant differences be- 
tween the strains. When pseudopregnant females were in- 
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cluded in an analysis with pregnant ones, statistically signifi- 
cant differences between albino and hooded females were 
found using a Chi-square test (80% versus 45%, respectively; 
x7*(1)=5.22, p<0.05). Mean litter size for hooded and albino 
females was similar (13.0 and 12.6 pups/litter, respectively). 

In Experiment 4, 15 of 25 (60%) females became pregnant, 
5 (20%) exhibited pseudopregnancy, and 5 (20%) continued 
to cycle after testing. These values closely resemble those 
obtained in Experiment 3. 


Male Copulatory Behavior 


Mann-Whitney U tests were performed on the values of 
each copulatory measure for those females in Experiment | 
becoming pregnant versus all other females. There were no 
significant differences between these groups for any 
copulatory measure. 

Copulatory measures associated with females exhibiting 
either pregnancy or pseudopregnancy were then combined 
and compared with all other females (i.e., those continuing 
to cycle after copulatory testing) using Mann-Whitney U 
tests. There were no significant differences between these 
groups for any copulatory measure. 

t-Tests were performed on the values of each copulatory 
measure for those females in Experiment 2 becoming preg- 
nant versus all other females. t-Tests were used due to the 
larger sample size employed in this experiment. Only intro- 
mission frequency appeared to be related to the pregnancy 
response, with pregnant females receiving a higher number 
of pre-ejaculatory intromissions than those females not be- 
coming pregnant (mean 16.1 versus 10.4, respectively; 
1(6)=2.80, p<0.05). 

When measures of copulatory behavior of males in Exper- 
iment 3 mating with females of either strain were examined 
for differences between the two sets of data, only differences 
between intromission latency and intromission frequency 
were Statistically significant. Intromission latencies of males 
mating with hooded females were significantly shorter than 
for matings with albino females (mean=29.9 versus 99.7, re- 
spectively; 7(19)=2.17, p<0.025). Intromission frequency of 
males mating with hooded females was significantly higher 
than when mating with albino females (mean=13.2 versus 
11.7, respectively; 7(19)=1.90, p<0.05). 

Intromission frequency was then examined within each 
strain of females to assess whether the males have delivered 
more pre-ejaculatory stimulation to females becoming preg- 
nant than to those not doing so. No statistically significant 
differences were found (mean IF for pregnant versus non- 
pregnant albino females=12.3 and 11.9, respectively; mean 
IF for pregnant versus nonpregnant hooded females= 14.2 
and 12.8, respectively). 


DISCUSSION 


Previous literature had indicated that an incidence of 
pregnancy as high as 84-92% would result from copulation 
during the male’s first ejaculatory series [1, 7, 15]. In Exper- 
iment | of the present series of experiments, the incidence of 
pregnancy resulting from first series copulations was 40%. 
There are a number of variables that might potentially ac- 
count for the current low incidence of pregnancy in response 
to the male’s first ejaculation. These include (1) procedural 
differences between this and other studies, (2) the possibility 
of the influence of *‘dampened”’ estrous cycles or cycles of 
varying length, and (3) possible strain/supplier differences. 
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Each of these possibilities will be dealt with in turn. 

It is possible that some procedural differences might ac- 
count for the discrepancy in the results. The method of Ex- 
periment | and that of a previous study [3] included the 
procedure of removing the female immediately upon ejacu- 
lation and returning her to her home cage. This was done to 
eliminate any possibility of copulations from the next 
ejaculatory series (before removal of the female) interfering 
with sperm transport and subsequent pregnancy [2]. How- 
ever, it was possible that mere handling of the females in this 
way so soon after ejaculation could also have resulted in the 
disruption of sperm transport [8]. Therefore, the purpose of 
Experiment 2 was to examine the effect of imposing a 15 min 
delay upon the handling of females on pregnancy response. 
Since sperm transport is essentially complete by this time 
[9], this procedure would ensure that a low pregnancy rate, if 
observed, was not the result of a procedural error and inad- 
vertent disruption of sperm transport. However, the preg- 
nancy rate in Experiment 2 was still only 35%. 

The results of Experiments 1 and 2 suggest that no obvi- 
ous methodological problems were apparent in Experiment 1 
that could account for the low incidence of pregnancy in that 
experiment. Although females not becoming pregnant in Ex- 
periment 2 did receive a lower number of pre-ejaculatory 
intromissions than females becoming pregnant or pseudo- 
pregnant, the females not becoming progestational received 
a mean of approximately 10 such intromissions. Previous 
work indicates that from four to six pre-ejaculatory intro- 
missions will result in pregnancy rates of 84 to 90% [1,15]. 
There were no differences in the number of pre-ejaculatory 
intromissions received by females of either strain becoming 
pregnant or continuing to cycle in Experiment 3. 

Matthews and Kenyon [11] have reported a low incidence 
of pregnancy following the male’s first ejaculatory series, 
based upon differences in the types of estrous cycles exhib- 
ited. Those females displaying a ‘‘dampened”’ estrous cycle, 
one in which predominantly nucleated smears were present 
at estrus instead of the normally full-cornified cells, were 
found to have pregnancy rates of only 38%. ‘‘Normal’”’ 
females had pregnancy rates of 73%. These same authors 
have recently demonstrated differences in the incidence of 
pregnancy in females displaying estrous cycles of different 
lengths [12]. Sixty-two percent of those females exhibiting 
five-day cycles, versus 44% of those displaying four-day cy- 
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cles, became pregnant in response to the male’s- first 
ejaculatory series. 

Females in the present study were included in testing 
primarily on the basis of cyclic regularity, and no discrimi- 
nation was made based upon the degree of cornification of 
vaginal cells during estrus, or the length of the estrous cycle. 
However, in light of the above findings, vaginal smear data 
were re-examined to assess whether such an effect may have 
contributed to the low incidence of pregnancy seen in the 
present study. No such pattern of response as described by 
Matthews and Kenyon [11] was present. Of those 14 females 
from the present study that did exhibit a ‘‘dampened”’ es- 
trous cycle and received a male’s first ejaculatory series, six 
(43%) became pregnant, three (21%) became pseudopreg- 
nant, one (7%) displayed constant estrus, and four (29%) 
continued to cycle. The rate of pregnancy induction for 
females exhibiting *‘dampened”’ estrous cycles, then, was 
equal to that displayed by ‘‘normal’’ females. Vaginal 
smears in the current experiments were not classified in a 
manner allowing definitive categorization of females as ex- 
hibiting either four- or five-day estrous cycles. 

A survey of the current literature of pregnancy initiation 
indicates that the use of albino and hooded female rats will 
provide pregnancy rates of greater than or equal to approx- 
imately 60% when mated to males for their first ejaculatory 
series (Table 1). Long-Evans hooded rats obtained from two 
different suppliers in the present study generated consistently 
low rates of pregnancy initiation when mated to males for 
their first series. Only when Sprague-Dawley albino females 
were used did the rate of pregnancy response approach or 
meet the findings of previous investigators. The reason for 
this discrepancy is unknown, although it should be noted 
that animals generally used in pregnancy initiation studies 
are albino or are not obtained from the supplier used in the 
present set of experiments (Table 1). 

Future research involving pregnancy induction in labora- 
tory rats should be planned in a manner taking into account 
those variables already known to influence the female’s 
stimulus requirements for successful reproduction. 
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AUSTIN, D. AND D. A. DEWSBURY. Reproductive capacity of male laboratory rats. PHYSIOL BEHAV 37(4) 627-632, 
1986.—The purpose of this research was to investigate the reproductive capacity (i.e., the ability to successfully transfer an 
ejaculate and induce a progestational response in the female) of male laboratory rats (Rattus norvegicus). Males were 
individually mated to successive females in a single session for one ejaculatory series each. There was a marked decline in 
both the total number of sperm per ejaculate and the number of sperm transported to the uterus with repeated ejaculations. 
Dimensions of the copulatory plug of the male decreased over successive ejaculations, reflecting a diminished output of the 
secretions of the reproductive accessory glands. Male copulatory behavior changed over successive ejaculations. Actual 
fertility appeared somewhat diminished in late ejaculatory series. Such constraints on the reproductive capacity of the male 


may have implications for the mating strategy employed by wild males in the field. 
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THE reproductive capacity of a male may include the ability 
to produce and transfer sperm and any concomitant secre- 
tions, and the ability to initiate pregnancy via the induction 
of ovulation and/or a luteal phase, if necessary. There are a 
large number of studies that report declines over successive 
ejaculations in some aspects of reproductive capacity of the 
male. Decreases in the sperm and/or other parameters of 
successive ejaculates have been observed in bulls [4, 14, 21, 
22], dogs [11], pigs [42], rabbits [1, 5, 26], sheep [28, 40, 43], 
humans [20,30], deer mice [19], chickens [36], turkeys [6], 
newts [23], lemon tetras [34], fruit flies [15], butterflies 
[39,41], spruce budworms [35], and mosquitoes [25]. 

The purpose of this study was to collect information on 
the reproductive capacity of male laboratory rats (Rattus 
norvegicus). Field investigators have noted that mating in 
the free-ranging context often involves multiple ejaculations 
by a single male or several males, and that these sessions 
may last for several hours [12,38]. Clearly, information on 
the male’s ability to produce fertile ejaculates and initiate 
pregnancy is needed to provide a more complete description 
of rat reproductive behavior and its consequences. The pur- 
pose of Experiment | was to describe any changes occurring 
in uterine sperm counts of laboratory rats over the course of 
seven ejaculatory series. 


EXPERIMENT 1 


METHOD 
Subjects 
Subjects were ten male and 70 female Long-Evans hood- 


ed laboratory rats (Rattus norvegicus) obtained from 
Charles River Breeding Laboratories. All animals were 60 to 
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70 days of age upon receipt. The animals were individually 
housed in metal Wahmann hanging cages with Purina labora- 
tory chow and water available at all times. The colony was 
maintained on a 14 L:10 D photoperiod of fluorescent light 
with light onset at 2000 hr. All animals were allowed at least 
two weeks to adapt to laboratory conditions prior to pretest- 
ing. 


Procedures 


All copulatory testing was conducted during the dark 
phase of the light-dark cycle under low-level incandescent 
illumination. Animals were tested in cylindrical Plexiglas 
copulatory arenas measuring 55 cm in diameter and 46 cm 
high, with San-i-cel as substrate. 

All males were of proven fertility. Tests were begun by 
placing the male into the copulatory arena for five min, after 
which time the female was introduced. The pair was permit- 
ted to copulate until the occurrence of the male's first ejacu- 
lation. The female was then immediately returned to her 
home cage, and a second female placed with the male. This 
pair was in turn allowed to copulate until the occurrence of 
the male’s second ejaculation. Then the second female was 
replaced by another. This procedure continued until a total 
of seven females had been tested in this manner or satiety 
was reached, whichever occurred first. Satiety was defined 
as the occurrence of 30 min without an intromission (mount 
with vaginal penetration) or 60 min without ejaculation 
(mount with vaginal penetration and seman transfer). 
Females were brought into behavioral estrus by intra- 
muscular injections of 0.1 mg estradiol benzoate 48 hr and 
1.0 mg progesterone 4 to 6 hr prior to testing. 

At the conclusion of copulatory testing for an individual 
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FIG. 1. Total uterine and whole-tract sperm counts collected for 
consecutive ejaculations in Experiments | and 2. 


male, the male was returned to his home cage. Females were 
then killed by cervical dislocation and uterine sperm counts 
were obtained by the following method [31]. The female’s 
abdomen was opened via a longitudinal incision and the 
uterine horns exposed. Hemostats were clamped at both 
ends of each uterine horn. Each horn was injected in turn 
with approximately 0.1 ml saline solution and then aspirated. 
This solution was then expelled into a saline bath of known 
volume. Sperm counts were made by vigorously shaking the 
total saline plus sperm solution and then obtaining two sam- 
ples that were placed on a hemocytometer. These samples 
were obtained by aspiration from the center of the solution 
via hypodermic syringe. The average of the two counts 
served as the hemocytometer sperm count per ejaculate. 
This count was then multiplied by the ratio of the total saline 
volume to the volume of the hemocytometer sample to yield 
an average estimate of the total uterine sperm count per 
animal. Copulatory plugs, composed of both sperm and 
coagulated secretions from the male’s reproductive ac- 
cessory glands, were removed from the vagina and the 
length, width, and weight (wet) were recorded. 


Behavioral Measures 


Copulatory behavior of the male in the form of mounts, 
intromissions, and ejaculations was recorded by a single ob- 
server using an event recorder. Mounts were defined as 
those instances in which the male straddled and palpated the 
hind flanks of the female but no vaginal penetration oc- 
curred. Intromissions were similar, except that vaginal pene- 
tration occurred. Ejaculations were defined as those intro- 
missions during which ejaculation occurred. The following 
standard copulatory measures were obtained: mount latency 
(ML), latency (sec) from the introduction of the female to the 
first mouat; intromission latency (IL), latency (sec) from the 
introduction of the female until the first intromission; ejacu- 
lation latency (EL), latency (sec) from the first intromission 
to the terminal ejaculation; mount frequency (MF), number 
of mounts within an ejaculatory series: intromission fre- 
quency (IF), number of intromissions within an ejaculatory 
series; mean inter-intromission interval (MIII), mean inter- 
val (sec) separating successive intromissions within an 
ejaculatory series; and post-ejaculatory interval (PEI), time 
(sec) elapsed from the end of the ejaculatory intromission to 


AUSTIN AND DEWSBURY 








PLUG WEIGHT (mg) 
PLUG LENGTH / WIDTH (mm) 








EJACULATION 


FIG. 2. Weight, length, and width of male copulatory plugs collected 
for seven consecutive ejaculations in Experiment 1. 


the first intromission of the next ejaculatory series. While 
not typically included as a measure of male rat copulatory 
behavior, ejaculation duration (ED), defined as the time (sec) 
from the beginning of the ejaculatory intromision until the 
male and female separated, was included in this experiment. 
Ejaculation duration was recorded because of the findings of 
Matthews and Adler [31,32] that protracted immobility by 
the male and female at the time of ejaculation facilitates the 
deposition of the male’s copulatory plug, enabling it to more 
tightly adhere to the cervical os. This, in turn, augments the 
transport of sperm from the vagina to the uterus, which can 
reasonably be expected to influence the probability of preg- 
nancy. 


RESULTS 
Sperm Counts 


Mean uterine sperm counts are presented in Fig. 1. A 
Friedman’s nonparametric analysis-of-variance (ANOVA) 
was conducted on the differences in sperm numbers for the 
seven ejaculations tested. There were no statistically signifi- 
cant differences detected. 

Perhaps the most obvious characteristic of the sperm 
count data in this experiment is the very high degree of var- 
iability found both within and among individuals. Many 
sperm samples yielded sperm counts of zero. Fifteen of 65 
(23%) of the females examined displayed zero sperm counts. 
Zero sperm counts were noted for one to three (14-33%) 
individuals in each ejaculatory condition. 


Copulatory Plugs 


No coagulated plug material was found on 21 of 65 possi- 
ble occasions (32%). Eight of ten males tested failed to emit 
copulatory plugs on at least one of their seven ejaculations. 
Two males failed to produce plugs during any ejaculation. 
The number of sperm recovered from the uterus of the 
female did not appear to be related to the presence of ab- 
sence of coagulated copulatory plugs. 

Mean plug measurements are presented in Fig. 2. Pair- 
wise comparisons of plug parameters from the first versus 
the sixth and seventh ejaculates were conducted using the 
Wilcoxon matched-pairs signed-ranks test and, where neces- 
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sary because of a low number of data points, sign tests. 

Plugs from the first ejaculate were significantly heavier 
(Wilcoxon, T=1, N=8, p<0.02), longer (Wilcoxon, T=0, 
N=6, p<0.05), and wider (Wilcoxon, T=0, N=7, p<0.02) 
than those of the sixth ejaculate. Plugs from the first 
ejaculation were also significantly heavier (Wilcoxon, 
T=0, N=6, p<0.05) and longer (sign test, N=5, p<0.03) 
than those of the seventh ejaculate. A statistical compari- 
son of plug width from the first and seventh ejaculations 
was not possible due to the nature of the data and the low 
number of subjects that emitted a plug on both the first 
and seventh ejaculations. 


Male Copulatory Behavior 


Preliminary analyses (not presented here) indicated that 
the copulatory behavior of the male was similar to that ob- 
served in previous studies (e.g., [10,16]). Since it is primarily 
intromission frequency that is known to influence sperm 
transport [2,13] and therefore likely to influence sperm val- 
ues, only statistical information on analyses of IF will be 
presented here. 

Significant differences among intromission frequencies 
were found, F(6,36)=24.14, p<0.001. Individual pairwise 
comparisons were conducted using Newman-Keuls tests. In- 
tromission frequencies of the first ejaculatory series were 
significantly higher than those of any other series (p<0.05). 
There were no other statistically significant differences. 


EXPERIMENT 2 


In the second experiment, sperm were sampled from the 
entire reproductive tract of the female for seven consecutive 
ejaculatory series. This was done to better assess the male’s 
sperm capacity, and hopefully to remove the process of 
uterine sperm transport as a possible source of variation 
among sperm counts. 


METHOD 
Subjects 


Subjects were 17 male and 119 female Long-Evans 
hooded laboratory rats. All males were experimentally 
naive. All other specifications pertaining to subjects and 
housing were as stated in Experiment 1. 


Procedure 


Males were tested for a total of seven ejaculatory series or 
to satiety, whichever was reached first. All females were 
examined for sperm counts obtained from their entire repro- 
ductive tract. After they were killed, the reproductive tract 
of the female was exposed by a longitudinal incision and the 
entire tract was removed and placed in a saline bath. All 
portions of the tract (vagina, cervix, and uteri) were opened 
by a single longitudinal incision. The interior of the tract was 
then gently scraped and rinsed with additional saline into the 
original bath. In addition, any copulatory plugs that were 
present were dissolved in order to free any sperm trapped 
within the plug itself. This was done according to the proce- 
dure reported by Agmo [3] with slight modifications. The 
entire solutuion was then placed in a beaker and vigorously 
stirred with a magnetic stirrer. Sperm samples were then 
aspirated by hypodermic syringe from the center of the solu- 
tion and counted as described in Experiment 1. Although 
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plug measurements were not obtained, male copulatory be- 
havior was recorded as in previous experiments. 


RESULTS 


Sperm Counts 


Sperm counts for the whole reproductive tracts of the 
females examined in Experiment 2 are depicted in Fig. 1. A 
parametric ANOVA was conducted on these data to assess 
the magnitude of differences among the values for the seven 
ejaculations. These differences were found to be statistically 
significant, F(6,66)=4.54, p<0.001. Pairwise tests were then 
conducted on differences among all possible comparisons 
using the Newman-Keuls test. 

Sperm numbers from the first, second, third, and fourth 
ejaculates were significantly higher than those from the fifth, 
sixth, and seventh ejaculates (p<0.05). The second ejaculate 
contained significantly more sperm than the first ejaculate 
(p <0.05). The sperm count of the first and second ejaculates 
were significantly larger than those of the third ejaculate 
(p<0.05). Sperm counts of the first, second, and third ejacu- 
lates were also significantly greater than those of the fourth 
ejaculate (p<0.05). Finally, there were significantly more 
sperm found in the fifth and seventh ejaculations than in the 
sixth (p<0.05). Zero sperm counts were noted on three of a 
possible 106 (3%) occasions. One zero count each was ob- 
served for the fifth, sixth, and seventh ejaculations. 


Male Copulatory Behavior 


Preliminary analyses (not presented here) indicated no 
anomalous patterns among the data. Significant differences 
among IF’s were found, F(6,60)=23.28, p<0.001. Individual 
pairwise comparisons were conducted using the Newman- 
Keuls tests. Intromission frequencies of the first ejaculatory 
series were significantly higher than those of any other 
ejaculatory series (p><0.05). There were no other statistically 
significant differences among IF’s. 


EXPERIMENT 3 


The results of Experiments | and 2 indicate that the ca- 
pacity of the male in terms of sperm emitted during repeated 
ejaculations exhibits a definite decline across ejaculatory 
series. The absolute mean levels of sperm in terminal ejacu- 
lations were of a level that was from 10 to 21% that seen in 
early ejaculations. There was no consistent pattern in the 
rate of the number of sperm transported to the uterus across 
ejaculations. The degree of uterine sperm transport was cal- 
culated by dividing total uterine sperm (data from Experi- 
ment 1) by total whole tract sperm (data from Experiment 2). 
Diminished or near-absent uterine sperm transport may have 
occurred in nearly one-fourth of all individuals in Experi- 
ment 1. This is reflected by the high percentage of zero sperm 
counts seen in this experiment compared with the near ab- 
sence of such values in Experiment 2 (3%). 

Additionally, measures of the non-sperm portion of the 
ejaculate, reflected by copulatory plug dimensions, exhibit a 
similar decrease in male capacity as a function of repeated 
ejaculations. Measures of the male’s copulatory behavior 
indicate no unexpected trends across successive ejaculations 
that would suggest insufficient stimulation to provide for 
successful uterine sperm transport. 

The purpose of Experiment 3 was to provide a prelimi- 
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nary assessment of the implications of these changes for 
male fertility. The ability of the male to impregnate succes- 
sive females within a single testing session was studied. 


METHOD 
Subjects 


Ten Long-Evans hooded males and 20 Sprague-Dawley 
albino females served as subjects. All animals were obtained 
from Charles River Breeding Laboratories. Two of the males 
had been used in earlier experiments. Housing conditions 
were as stated previously. 


Procedure 


Females were virgins at the beginning of the experiment. 
The estrous cycles of females were monitored by daily vagi- 
nal smears. Only those females displaying at least two con- 
secutive four- of five-day estrous cycles were included in 
testing. Only those animals that had been proven fertile dur- 
ing pretesting were included in this experiment. 

Testing was conducted by placing a single female in 
proestrus or first day of estrus with a male until the occur- 
rence of the first ejaculation. The female was then left with 
the male until the male’s first mount or intromission of the 
second ejaculatory series. This was done so as not to disrupt 
sperm transport during the period immediately following the 
first ejaculation by handling of the female [24]. Note that the 
average postejaculatory interval is typically long enough to 
prevent the male from disrupting the transport of most of his 
own sperm from the preceding ejaculation [31]. The first 
female was then returned to her home cage, and a second 
female in hormone-induced estrus placed with the male. This 
pair was then permitted to copulate until the occurrence of the 
male’s sixth ejaculation at which time the female was re- 
moved, and a third female, in cycling estrus, was placed with 
the male. At the completion of the male’s seventh ejacula- 
tion, the male was returned to his home cage. The female 
was returned to her home cage 15 min after the terminal 
ejaculation. Daily vaginal smears were conducted after mat- 
ing in order to detect any resulting pregnancy or pseudo- 
pregnancy, defined as any prolonged leucocytic vaginal 
smears (typically greater than 10 days) not resulting in the 
birth of a litter. Pregnant females were allowed to give birth 
to their litters. The number of pups per litter and the inci- 
dence of pseudopregnancy were recorded. Male copulatory 
behavior was recorded as before. 


RESULTS 
Fertility 


Due to the difficulty in generating data in which the male 
copulated for a full seven ejaculatory series, data for only six 
tests are available for analysis. Although a binomial test 
conducted for the first and seventh ejaculatory conditions 
failed to detect any significant differences, an examination of 
the individual data provides a different perspective. 

Of the six tests, five (83%) females became pregnant when 
mating with a male for his first ejaculatory series. Mean litter 
size was 12.2 pups. The sixth female's estrous cycle did not 
change after mating. Of the six females mated to males for 
their seventh ejaculatory series; only one (17%) became 
pregnant, with three (50%) becoming pseudopregnant, and 
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two (33%) showing no response to copulation. Litter size for 
the single female becoming pregnant was 13. 

Two additional males were tested for their capacity to 
impregnate females when mated during the male’s first and 
sixth ejaculatory series. Of these, both females mated during 
the male’s first ejaculatory series became pseudopregnant, 
while one tested for the sixth series became pregnant (litter 
size=10) and the other showed no change in her estrous 
cycle. 


Male Copulatory Behavior 


t-Tests were performed to evaluate the extent of the 
differences between intromission frequencies of the first and 
seventh ejaculatory series. The intromission frequency of 
the first ejaculatory series was significantly higher than that 
of the seventh series (mean=14.8 versus 5.3, respectively; 
(5)=6.24, p<0.005. 


GENERAL DISCUSSION 


Information gathered in these experiments is generally 
consistent with the hypothesis that a male’s reproductive 
capacity may be reduced by repeated ejaculations within a 
relatively short period of time. Data gathered in Experiments 
1 and 2 indicate a fairly dramatic decrease in sperm trans- 
ferred to the female during repeated copulations. This pat- 
tern is particularly apparent during later ejaculations when 
sperm numbers are of a level that is 10 to 21% those seen in 
early ejaculations. Males continue to produce copulatory 
plugs throughout testing, although there is an obvious de- 
crease in both the weight and length of the plugs. Copulatory 
stimulation by the male remains sufficient (>3 pre- 
ejaculatory intromission [2,13]) throughout all ejaculatory 
series tested to provide for uterine sperm transport. Al- 
though only a few females could be tested, there does appear 
to be a drop in the male’s fertility as a result of repeated 
ejaculations by the time the sixth and seventh ejaculations 
are reached. 

Information presented here, in conjunction with data ob- 
tained by previous investigators, indicates that male rats are 
constrained in their ability to produce fertile ejaculates. Such 
constraints may have important implications for successful 
reproduction by the male when viewed within the context of 
the social dynamics of the multiple mating strategy employed 
by individuals of this species. 

The current data are in agreement with those of Toner and 
Adler [46]. These authors demonstrated that the sperm emit- 
ted from young male rats slowly declined to near zero levels 
by the seventh ejaculation. Early and intermediate ejacula- 
tions produced similar numbers of implanted embryos, ex- 
cept for the seventh ejaculation when there was an obvious 
drop in the fertility of the male. 

The results of the present study and those of Toner and 
Adler are somewhat in disagreement with an earlier report 
by Zucker and Wade [48]. They found that six tested male 
rats were able to impregnate females with the sixth ejacula- 
tion. The reason for this discrepancy is unknown. 

Bartos and Trojan [8] housed individual males with four 
females for four days. Males ejaculated daily (based on the 
presence of sperm in vaginal smears), but the number of 
inseminated females decreased on the second and third days. 

The present findings appear consistent with the earlier 
report by Pessah and Kochva [37] that secretions by the 
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seminal vesicles are rapidly diminished as a result of re- 
peated copulations. Although seminal vesicle secretions 
were not directly measured in the present research, copula- 
tory plugs were examined and found to decrease in mass as a 
result of repeated ejaculations. 

Agmo [3] found that the weight and sperm content of each 
‘**seminal plug’’ (spontaneous ejaculate) of laboratory rats 
appear independent of the number of plugs produced spon- 
taneously. However, it has been shown that if male rats 
copulate with a female, the weight of spontaneous ejaculates 
is subsequently reduced for approximately one week [9,47]. 

Lisk [29], though not presenting any data, states that re- 
peated ejaculations may result in a decrease in the size of the 
copulatory plug that is formed within the vagina. 

The present finding of a lack of copulatory plug formation 
in numerous ejaculates is consistent with an unpublished 
study cited by Ball [7], p. 702) in which she states, **. . . the 
writer has found that a healthy young rat is capable of mak- 
ing aS many as six plugs in two hours and that he seldom 
makes less than two unless he has been recently bred (em- 
phasis added).”’ It is unclear, however, whether the author 
was making reference to ejaculation or plug coagulation per 
se. 

Wild Norway rats have been observed to mate within 
groups in which multiple males may compete for and mate 
with one or more females [12,38]. Studies of domesticated 
rats mating within a seminatural environment illustrate that 
both dominant and subordinate males will copulate with a 
single female [33], although under some conditions males 
will fight vigorously to gain access to a single receptive 
female [44]. Although both males will ejaculate in turn with a 
given female, the dominant male tends to produce more 
ejaculates than subordinate males [33]. 

Lanier, Estep, Dewsbury [27] were able to demonstrate 
that multiple ejaculations by a male acted to protect that 
male’s investment from displacement by the copulations of 
other males. These authors believed that the mechanism re- 
sponsible for this mating advantage was the greater relative 
number of sperm deposited by such a male. Dewsbury and 
Hartung [18] found in a subsequent study that the male 
ejaculating last and/or more frequently with a given female 
will reliably sire a greater proportion of the pups in the result- 
ing litter. Such results suggest that limitations on male ca- 
pacity may be especially important in multi-male situations. 

McClintock et al. [33] studied mating within a seminatural 
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context in which two males were housed with five females 
for one week. They observed that females would repeatedly 
solicit copulations from males, especially as the male ap- 
proached ejaculation. Males tended to follow the female in 
closest proximity, although only about one half of all such 
solicitations resulted in male pursuit. It is interesting to note 
that on such occasions whenever more than one estrous 
female would solicit males would be required to exercise 
some degree of mate choice. This is similar to the finding of 
Tiefer [45], who observed individual males placed with es- 
trous females. She found that although the male provided 
sufficient numbers of pre-ejaculatory intromissions to induce 
pregnancy in all females not all females received an ejacula- 
tion. Rather, only those females that most often solicited the 
male were the recipient of the most ‘“‘attention.”’’ Such re- 
sults would be expected if male capacity were a limiting 
factor in copulatory behavior. 

In summary, data gathered in this and other investigations 
indicate that (1) rat mating in the natural habitat often in- 
volves multiple matings of a single female by more than one 
male [12,38], (2) the male ejaculating last and/or most will 
sire a disproportionate percentage of the offspring [18], (3) 
both the sperm and nonsperm portions of the male's 
ejaculate, and fertility diminish with repeated ejaculations 
such that fertility is greatly decreased by the sixth and 
seventh ejaculations (the present experiments; [3, 8, 37, 46]), 
and (4) males may be forced to select from among the solici- 
tations of more than one estrous female [33]. 

Constraints on the male’s reproductive capacity, as 
demonstrated in this paper and elsewhere, indicate that the 
results of indiscriminate mate selection by the male, though 
perhaps not as substantial as for the female, are not neces- 
sarily inconsequential for the male [17]. Some possible func- 
tional selective disadvantages that may result from repeated 
matings with successive females include the inability of the 
male to impregnate an individual female, or the inability of 
the male’s sperm to successfully compete with sperm of 
other males that may have previously or later mated with the 
same female. 
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ROSE, J. D. Functional reconfiguration of midbrain neurons by ovarian steroids in behaving hamsters. PHYSIOL 
BEHAV 37(4) 633-647, 1986.—Previous studies have demonstrated the importance of the midbrain, especially the tectum, 
in the sensorimotor control of the sexually-receptive posture, lordosis, in female golden hamsters. In the present study, 
midbrain single unit activity was recorded during hormonal induction of lordosis, to identify neuronal activity mediating the 
sensorimotor control of the response and to observe functional changes in these neurons associated with the hormones’ 
behavioral effect. Progesterone administration to estrogen-primed hamsters initiated pronounced changes in neuronal 
activity levels, somatosensory responsiveness and movement-related firing. These changes began in some neurons within 
10 min of subcutaneous hormone injection and affected progressively more neurons until lordosis was elicitable 2-4 hr 
later. The pattern of these changes, including increased neuronal responsiveness to lumbosacral stimuli, appearance of 
lordosis-related firing (especially in the tectum) and reduced incidence of firing associated with lordosis-incompatible 
behaviors, constituted a transformation, or reconfiguration of midbrain sensorimotor function. It is proposed that this 
reconfiguration enables the elicitation and maintenance of lordosis by lumbosacral stimuli. Neural effects of comparable 


magnitude didn’t result from control progesterone injections which failed to induce lordosis. 
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GONADAL steroid effects on brain function have been ex- 
tensively studied with regard to regional hormone uptake in 
the brain and the biochemical processes mediating the neural 
effects of these hormones on the lordosis response of female 
rodents. In contrast, there has been much less study of 
hormone-induced changes in the functioning of the individ- 
ual neurons which mediate the control of lordosis and related 
sexual behaviors. Of the investigations into the neurophys- 
iological actions of ovarian hormones (reviewed in [22, 28, 
36]), few studies have examined hormone effects on activity 
of single neurons in freely-behaving animals [17,32]. The 
golden hamster’s lordosis response has sensorimotor and 
endocrine characteristics which make it especially well- 
suited to neurophysiological analysis, including the applica- 
tion of chronic recording methods. Lordosis in this species 
consists of a sustained, immobile posture, with the tail raised 
and the back horizontal or slightly dorsiflexed. The response 
is rapidly elicited and readily maintained by discrete, even 
unilateral lumbosacral tactile stimulation. In addition, ham- 
sters (unlike rats) must have a properly timed sequential ex- 
posure to both estrogen and progesterone (P,) in order to 
display lordosis. Consequently, it is possible to investigate 
the separate and joint neural effects which underly the 
lordosis-inducing action of these hormones [36]. The P, de- 
pendency of the hamster’s lordosis response provides an 
additional advantage for study of the neurobehavioral ac- 
tions of these hormones, because of the rapid transition (i.e., 


2-4 hr) from an estrogen-primed, but non-sexually receptive 
condition, to a sexually-receptive state following subcutane- 
ous P, administration. It is readily possible, by means of 
chronically-implanted fine-wire electrodes, to record from 
single neurons throughout the period of time required for this 
conspicuous behavioral transition to occur. In contrast, it is 
more difficult to longitudinally monitor the functional 
changes induced in single neurons by estrogens, because of 
the longer time required (1-2 days) for the effects of the 
hormone to appear behaviorally [17,32]. 

Studies of the neural control of lordosis have given the 
midbrain particular scrutiny since this region appears to be a 
focal point in the sensorimotor control of the response. In 
the golden hamster, many midbrain neurons, including con- 
centrations of cells in the deep tectum, central gray and ven- 
tromedial tegmentum, show strong responses to lordosis- 
controlling forms of somatic stimuli [31,33]. Bilateral deep 
tectal lesions completely eliminate lordosis in this species, 
whereas unilateral lesions reduce or eliminate the lordosis- 
eliciting and interrupting effectiveness of stimuli applied to 
the contralateral flank or face, respectively [24,37]. Fur- 
thermore, lesions of the ventromedial midbrain [13] or cen- 
tral gray [10] of the golden hamster, produce impairments in 
either elicitation or maintenance of the response. 

The powerful effects of midbrain lesions on golden hamster 
lordosis are not surprising in view of the known sensorimotor 
functions of the midbrain [9, 39, 4!, 47]. These effects are 
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intriguing, however, in light of the widely held view that ovar- 
ian hormones facilitate lordosis by acting on the medial hypo- 
thalamus, particularly the ventromedial nucleus [5, 7, 28, 38, 
43, 44]. Nonetheless, specific functional changes result in ham- 
ster midbrain neurons from a lordosis-inducing injection se- 
quence of estrogen and P,. These changes include: an eleva- 
tion of the proportion of neurons responding to lumbosacral 
tactile stimulation; an increase in the magnitudes of the 
neuronal responses; a change in the collective pattern of unit 
response to stimulation of various body and face locations; 
and a modification of the incidence of accelerative or de- 
celerative sensory responses [36]. The overall pattern of 
hormone effects on midbrain neurons suggests that the 
lordosis-facilitating actions of estrogen and P, may entail an 
increase in the number of these neurons responding to a 
lordosis trigger stimulus and an increase in the magnitudes of 
individual neuronal responses. These findings, however, 
were obtained in anesthetized animals after the be- 
haviorally-relevant neural actions of the hormones had been 
verified. A more complete delineation of lordosis-inducing 
changes in brain function would require concurrent observa- 
tion of the behavioral effects of the hormones and the asso- 
ciated patterns of activity in a neuronal population critical to 
the control of lordosis. The present investigation utilized 
chronic recording from single midbrain neurons to achieve 
this aim. A number of conspicuous effects of estrogen and P, 
on the activity and sensorimotor functioning of midbrain 
neurons were identified. Some of these hormone effects 
were extremely rapid, beginning less than 10 min after P, 
injection. The results also showed the dorsal midbrain to be a 
particularly important region for the appearance of 


hormonally-modified neuronal activity, especially for the 
development of lordusis-correlated firing. An abstract describ- 
ing some of these results has been published previously [34]. 


METHOD 
Animals and Surgical Preparation 


Adult female golden hamsters (n=20), all of which had 
been ovariectomized within the previous 2-4 weeks, were 
used. The animals were maintained in individual cages, on a 
reversed lighting cycle (14 L:10 D), with free access to ham- 
ster food pellets, sunflower seeds and water. 

Fine wire microelectrodes were stereotaxically implanted 
in the midbrain under sodium pentobarbital anesthesia (60 
mg/kg, IP). The microelectrodes were Diamel-insulated ni- 
chrome wires (50 um bare diameter) which were cut in 
cross-section at the tip. The wires were given a thin coating 
of molten sucrose which, when hardened, increased their 
stiffness for implantation. Most animals were implanted with 
a pair of microwires on each side of the midbrain. The mic- 
rowires were attached to Amphenol Relia-Tac contacts and 
fixed to the skull with dental cement, together with a minia- 
ture connector strip containing leads from stainless steel 
skull screws. Two screws placed over the frontal and parietal 
cortex were used for EEG recording. In four of the 
initially-studied animals, stainless steel wire electrodes were 
implanted in the dorsal neck muscles for recording of 
movement-related electromyographic activity. These elec- 
trodes were not placed in subsequent animals when it was 
determined that movement-related signals recorded from a 
miniature accelerometer were a more stable and useful indi- 
cator of the movements of interest than EMG. Likewise, 
EEG was not recorded after it was determined in the initial 
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animals that cortical EEG was continually desynchronized 
whenever behavioral signs of wakefulness were evident. 


Recording Procedure 


Monitoring of unit activity began when each animal re- 
covered from anesthesia and continued intermittently over 
the subsequent 3—4 days. Recordings of unit activity related 
to ovarian hormone actions were obtained on the third and 
fourth days after implantation. The recording was conducted 
with the animal in a 30 cm diameter cylindrical arena. The 
arena was open at the top and front, and had a ball bearing- 
mounted floor which rotated freely. The recording cable, 
which consisted of strands of lightweight Microdot 
Mininoise coaxial cable, terminated in an Amphenol connec- 
tor strip and was secured to the electrode connector strip in 
the skull implant by a machine screw. The recording cable 
was fixed with a clamp 20 cm above the animal, but sufficient 
slack was provided that the animal's turning, running and 
rearing were essentially unrestricted within the rotating floor 
space of the arena. 

Unit activity was led through the Microdot cable to a high 
input impedance differential preamplifier (half amplitude 
band pass 300 Hz—10 kHz) with a skull screw, or occasionally 
an inactive microwire, used as a reference. A Bak analog delay 
module was used with a storage oscilloscope to provide full 
visualization of unit spikes which triggered a window dis- 
criminator, thus insuring consistently accurate identification 
of each single unit. Unit spikes, EEG (when recorded), EMG 
or the accelerometer signal [23], a stimulus force transducer 
output (Grass Ft03) and a voice commentary were simulta- 
neously recorded on a 4 channel magnetic tape system 
equipped with 2 FM channels. All single units included in the 
data sample had spike waveform properties which reflected 
cell body rather than axonal origin. A small number of units 
appeared, on the basis of constant waveform and amplitude, 
to be present at a particular electrode for two or more days. 
The identity of these units was quantitatively evaluated by 
means of a Computerscope signal analysis system (R. C. 
Electronics) in conjunction with a Franklin Ace 1000 com- 
puter. An averaged waveform for each of the units in ques- 
tion was calculated for a sample of 25-30 successive spikes 
recorded on one day. The waveform averages for each day 
the unit was evident were then compared with each other by 
computing crosscorrelation coefficients, which provide a 
quantitative index of the degree of similarity between two 
waveforms [12]. The exact segment of the averaged spike 
waveform which was used for computing the crosscorrela- 
tion coefficient (e.g., Fig. 8) was that which showed the most 
consistency in series of waveform averages computed on a 
given day. 

Associations between unit activity and an animal’s 
movements were of particular importance in this study and 
were determined in two stages. The first stage was con- 
ducted by observing the animal’s behavior while listening 
simultaneously to an audio monitor which was driven by the 
output of the window discriminator triggered by spikes from 
a particular single unit. The second stage involved examina- 
tion of chart records from a Grass EEG machine. These 
records were derived from tape-recorded data and showed: 
(1) the integrated output of the window discriminator; (2) a 
raster-stepper signal, which showed a quantifiable staircase 
display of the window discriminator output; (3) the ac- 
celerometer or EMG signals; (4) the stimulus transducer 
signal; and (5) transcriptions from the voice record, identify- 
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ing the type of motor activity being exhibited by the animal. 
During recording, the stimulus pressure transducer was 
sometimes manually actuated to signal the occurrence of 
rapid transitions between one class of movement and an- 
other. The onset and offset of lordosis responses sometimes 
occurred without a clear indication in the accelerometer 
signal. In such cases, these events were identified solely 
from the voice narrative. As a consequence, determinations 
of occurrence of these aspects of lordosis (as depicted in 
Figs. 3, 6 and 7) were sometimes accurate only to about+0.5 
sec. Collectively, the above-described procedures allowed 
reliable, unequivocal identification of all predominate forms 
of motor activity exhibited by the hamsters, thereby enabling 
the identification of concurrent patterns of unit firing. 

All units were tested for responsiveness to various tactile, 
proprioceptive, auditory and visual stimuli. Tactile stimuli 
were applied by brushing the skin and hair with a 5 mm wide 
camel’s hair brush, which was attached to the force trans- 
ducer. Proprioceptive stimuli consisted of passive move- 
ments of the head or limbs with the animal manually re- 
strained. Auditory stimuli were various complex sounds 
such as hisses, claps or jingling noises. Visual stimuli were 
applied by moving large and small objects (the stimulus 
brush, a hand, white cardboard shapes) in the visual field at 
various rates, directions and distances from the eyes. Apart 
from the tactile stimuli, which were of primary interest due 
to their influence on the lordosis response, the other stimuli 
were applied solely to assess the degree of multimodal re- 
sponsiveness of the neurons under investigation. This was 
required to assure that unit activity associated with move- 
ment or tactile stimuli was not secondary to activation of 
other sensory receptors. In practice this difficulty was rather 
minimal, since robust responsiveness to nonsomatic stimuli 
was infrequently seen, even among superior colliculus 
neurons (see [35] for further details). Furthermore, visual 
responsiveness, which occasionally occurred for objects 
moving in the visual field, typically habituated with a few 
presentations of a given stimulus. Activity of units with 
movement-related firing was also recorded in darkness as an 
additional control for possible contributions of visual feed- 
back. As a result, contamination of unit activity by visually 
driven unit firing was unlikely for the units included in the 
final data sample. Likewise, proprioceptive responsiveness 
was not an obvious source of contamination of unit activity. 
For cells with head movement-correlated discharge, firing 
during passive movements of the head was infrequent and of 
much lower magnitude than that which accompanied spon- 
taneous head movements in the freely-moving animal. 


Hormonal Treatments and Behavioral Testing 


The principal objective of this study was the identification 
of neural effects of P, which were dependent upon prior 
estrogen priming and which were specific to the induction of 
lordosis. Accordingly, on the day of a P, injection, neural 
activity was sampled just before injection of the hormone 
and at frequent intervals until after the appearance of lor- 
dosis responses. The standard experimental hormone treat- 
ment procedure involved subcutaneous injection of 10 wg of 
estradiol benzoate in corn oil vehicle the afternoon of the day 
of electrode implantation, or the following afternoon. P, was 
administered (500 xg, subcutaneously in propylene glycol or 
occasionally in corn oil) at the start of the lordosis test ses- 
sion, beginning in the morning, approximately 40 hr after 
estradiol. Two hormone treatment controls were used to as- 
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sist the identification of behaviorally-specific neural effects 
of P,. For the two control conditions, the following proce- 
dures were followed: (1) the above-described procedure for 
P, administration was carried out, but without any estrogen 
priming (three animals); or (2) a second P, injection was 
given early in the afternoon of the day following the induc- 
tion of lordosis with the estrogen-P, sequence employed in 
the experimental treatment condition (17 animals). In the 
second control condition, lordosis responses had ceased 
from the preceding day and, due to the inhibitory effect of 
the first P, injection [6], the control injection was not ex- 
pected to reinduce the response. On three occasions the con- 
trol injection did induce lordosis and, accordingly, data col- 
lected from these trials were analyzed together with results 
from the experimental trials. 

During each recording/behavioral testing session, the fol- 
lowing procedure was used for data collection. The activity 
of each microelectrode was sampled during spontaneous be- 
havior of the animal and the above-described array of sen- 
sory tests was administered to assess the responsiveness and 
behavior-correlated activity of single units. Data collection 
from each electrode began with brief handling of the hamster 
associated with connecting the jumper lead to the desired 
electrode contact, thereby insuring that all data sampling 
periods began with a comparable level of arousal in the 
animal. Somatosensory stimuli applied to assess hormone 
effects on unit responsiveness included light brushing of the 
perigenital region, flanks, shoulders and each side of the 
face. In addition to the controlled application of somatic 
stimuli with a brush, manual stimulation was also applied in 
an attempt to elicit lordosis. The tactile stimuli were applied 
with the animal in a stationary position as well as during 
locomotion. Stimulation during locomotion was possible 
since the animal’s location in the testing arena was fairly 
constant during locomotion due to the rotating floor. Facial 
stimuli were applied with the animal unrestrained as well as 
with the head restrained by grasping the recording cable 
connector on the skull. 

After baseline records had been obtained from each mi- 
croelectrode, the animal was injected with P,. Recording was 
resumed 5 min after the hormone injection and was contin- 
ued until lordosis appeared (usually 2—4 hr later), or until 5 hr 
had elapsed on control trials in which P, injection failed to 
induce lordosis. Unit activity was sampled from each mi- 
croelectrode at 10-15 min intervals and the battery of soma- 
tic stimuli was applied during most of these recording 
periods. The elicitability of the lordosis response was as- 
sessed by placing a sexually-active male hamster into the 
recording arena with the female before, and at regular inter- 
vals following, P, injection. The male was allowed to investi- 
gate and mount the female for at least 2 min, or until overt 
aggression occurred due to nonreceptivity of the female. 
When lordosis appeared in response to the male, the neural 
correlates of the response were recorded with the male pres- 
ent. Then, lordosis was repeatedly elicited by purely tactile 
stimuli with the male absent, while activity was recorded 
from each electrode. 


Histological Localization of Recording Sites 


On completion of the last recording session, each animal 
was deeply anesthetized with urethane and perfused with 
saline followed by formalin in saline. The brains were sec- 
tioned and stained in alternate series by cresyl violet and 
Weil methods, or in serial sections stained by the Auletta 








FIG. 1. Midbrain locations of recorded units. Dots indicate locations of neurons recorded on trials 
where lordosis was induced by P,, unfilled circles indicate cells recorded on control trials and circled 
dots show cells recorded on both types of trials. Abbreviations: CG, central gray; CS, superior central 
raphe nucleus; CU, cuneiform nucleus; IC, inferior colliculus; IPN, interpeduncular nucleus; RN, red 
nucleus; SCI, stratum intermediale of superior colliculus; SCP, stratum profundum of superior col- 


liculus; SN, substantia nigra. 


method. In cases where pairs of fine wires had been im- 
planted side by side, a small marking lesion was made 
through the tip of one electrode of the pair prior to sacrifice. 
This procedure assisted identification of each electrode of 
the pair if the tips separated somewhat during implantation. 


Analysis of Hormone Effects on Unit Activity 


The hormonal influences on unit activity encountered in 
this study were extremely diverse, including cases of 
pronounced, absolute changes in firing as well as more 
graded changes in firing rate or pattern. Analysis of these 
hormone effects was complicated by the fact that some 
neurons fired more or less continuously, while others, espe- 
cially those with movement-related activity, ceased firing 
entirely at times. As a result, the criteria for defining a hor- 
mone effect on unit activity had to be suitable for use with all 
the neurons, regardless of their dynamic ranges or absolute 


levels of firing. Although quantification of unit activity was 
on a ratio scale (i.e., isomorphic to arithmetic operations), 
the data analysis procedure was conducted primarily by 
treating the measures of unit activity as an ordinal scale. This 
method for assessing firing rates and activity levels was more 
feasible than methods such as confidence intervals. It was 
also more functionally meaningful than arbitrary quantitative 
criteria, like percent change in firing, since a change was 
defined entirely in relation to a given cell’s activity proper- 
ties. 

Three types of unit activity change were evaluated: (1) 
changes in firing level across all behavioral activity states 
(i.e., during movement as well as immobility), (2) changes in 
the incidence of movement-related activity and, (3) changes 
in sensory responsiveness. The raster-stepper was used to 
quantify tonic rates and numbers of spikes across longer 
(i.e., greater than 1 sec) time intervals, whereas the inte- 
grator signal provided a quantitative index of phasic (instan- 
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FIG. 2. P,-induced depression of activity, movement-correlated firing and sensory responsiveness of a deep superior colliculus neuron. In 
each set of chart records, the top, second and third traces represent integrated single unit activity, a 1 sec time mark, and the accelerometer 
ouput, respectively. The fourth trace, when present, is the stimulus pressure transducer signal indicating face stimulation. The occurrence of 
specific behavioral events shown in this and subsequent figures was determined from a combination of indicators, including the accelerometer 
signal, a voice narrative and manual activation of the stimulus pressure transducer, as described in the Method section. The top set of tracings 
was recorded at 19 min before P, administration to the estrogen-primed hamster. At that time the cell’s activity was principally associated with 
head thrusts and sniffing during exploratory and orienting movements. The most firing occurred when the animal was sniffing and contacting 
an object with its vibrissae. Locomotion without head movements or immobility, were associated with little or no neuronal firing. Stimulation 
of the ipsilateral maxillary region (right segment of upper traces) elicited a strong accelerative response from the neuron. This stimulus was 
administered while the animal was restrained by grasping the recording cable connector. There was no detectable head movement by the 
hamster during stimulus application. In the segments of activity recorded 10 min after P, injection (middle tracings), the overall level of unit 
firing was decreased somewhat, as was the response to face stimulation and activity during orienting and sniffing. At 28 min after P, injection 
(bottom traces), the activity of the neuron had largely ceased, as indicated by the flat integrator trace. Orienting and sniffing were no longer 
accompanied by unit firing and face stimulation produced no unit response. This depression of activity persisted, and was evident 130 min 
after P, injection, when lordosis was being exhibited. The oscilloscope photographs at the right show superimposed spike waveforms from this 
unit (300 «.V amplitude), which were recorded at the three successive time periods represented (from top to bottom) in the chart records. 
These photographs show that the waveform and amplitude of the unit spikes were very constant during the period when the cell’s activity level 
underwent a marked depression. The asterisk in the midbrain diagram at the lower right shows the neuron’s location. 


taneous) firing rates. In order for a unit’s activity to have 


raster-stepper signal and the integrator signal. Changes in 
been defined as hormonally-increased or decreased for the 


movement-related unit firing were evaluated by comparing 


first and second types of activity change, second-by-second 
firing rate values for a post-P, injection sample of firing (from 
the integrator and raster-stepper records) had to be uni- 
formly higher or lower, respectively, than values from an 
activity sample of comparable duration recorded just prior to 
P, injection. In a small number of cases, where a pre-P, 
activity sample was not available, the first record after P, 
injection was used as the baseline for comparison. Changes 
in unit firing level for a given neuron were evaluated by 
comparing activity sampled from corresponding behavioral 
states (i.e., immobility vs. immobility, walking vs. walking, 
running vs. running) by spike counts derived from the 


samples of corresponding motor activity of similar mag- 
nitude and duration. These comparable motor states were 
identified from the movement transducer for head swings 
and from two categories of visually identifiable locomotion 
topographies and speeds, in addition to immobility. These 
locomotion topographies were slow walking (approximately 
0.5 floor revolution/sec) and running (approximately 1 floor 
revolution/sec). Magnitude classifications or topographic 
subdivision were not feasible for orienting and investigatory 
activity involving sniffing, rearing and small, repeated head 
thrusts. But in practice, hormone-induced changes in unit 
firing during these activities were of considerable magnitude 
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FIG. 3. Appearance of de novo activity and lordosis-correlated firing in a deep superior colliculus neuron. In each set of chart records, the top, 
second and third traces represent the same signals as in Fig. 2. The presence of lordosis is indicated by the segments of broken line beneath the 
accelerometer signal. This neuron showed no firing in any recordings prior to those taken at 213 min after P, injection (upper set of traces). At 
this time, weak lordosis responses could be elicited at a fairly long latency by perigenital stimulation consisting of light brushing of the 
perineum. The records show that the onset of the lordosis response (rump up) coincided with the firing of three spikes by the neuron. The 
deflections on the accelerometer trace during the periods of lordosis were due primarily to the reflexive rump orientations triggered by the 
perigenital stimulus. At 229 min after P, (middle and bottom traces), lordosis was stronger and usually of shorter latency in response to tactile 
stimulation. In the middle traces, perigenital stimulation was applied continuously, beginning at the arrow. After 15 sec of stimulation, which 
elicited a few spikes from the unit, a weak lordosis response occurred, which became progressively stronger as the unit’s firing rate increased. 
A second application of perigenital stimulation (bottom traces), after the hamster had come out of lordosis, elicited another sensory response 
and a strong, short-latency lordosis response. Again, the occurrence of lordosis coincided with an increase in unit firing rate. The oscilloscope 
traces at the upper right show superimposed spike waveforms from this and another unit, which were simultaneously-recorded through the 
electrode location shown by the asterisk in the brain section diagram. In A, the lower amplitude spikes (1204 V) were recorded from a neuron 
which was active prior to P, injection. This unit’s activity was present with a stable amplitude and waveform throughout the day’s recording 
session. The traces in B are spikes (250 1 V), recorded 213 min after P,, from the neuron described above and shown in the chart records at the 
left. C shows superimposed spikes from both units, recorded 229 min after P,. 


and unlikely to have resulted solely from comparison of dis- 
similar activity states. 

Unit responses to somatosensory stimuli were also as- 
sessed with respect to the activity state of the animal, since a 
stimulus-induced change in firing had to be discriminated 
from movement-related firing. A sensory response was con- 
sidered present if, for a uniform behavioral state, the 


RESULTS 
Locations of Recorded Units 


The results to be described are based on data collected 
from 64 single units recorded from a total of 53 recording 
sites. Of these neurons, 48 were recorded on trials when 
lordosis was hormonally induced and 22 units were re- 


second-by-second firing rates (from the raster-stepper and 
integrator signals) during a stimulus application, were all 
greater than or all less than, the firing rates in an activity 
sample of identical duration recorded immediately before 
stimulation. 


corded, mostly from most of the same sites, on control trials. 
Six of these neurons were recorded on control trials where P, 
was given to hamsters which had received no estrogen prim- 
ing. The remainder were recorded on control trials where a 
second injection of P, failed (as intended) to produce lor- 
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dosis. Six of the latter group of neurons had also been re- 
corded on the previous day, as determined by criteria de- 
scribed in the Method section. 

Most of the units were recorded in the intermediate and 
deep laminae of the superior colliculus (Fig. 1) due to the 
evidence for this area’s vital importance to lordosis in the 
golden hamster, but neurons in subtectal midbrain areas 
were widely sampled as well, to serve as a comparison for 
hormone effects which might be specific to dorsal midbrain 
neurons. 


Movement-Related Unit Firing Patterns 


The 64 cells which were tested for hormone effects were a 
subset of a larger sample of neurons (111 cells) for which 
movement-related patterns of firing were examined during 
the first 2-3 days following electrode implantation. A de- 
scription of the anatomical distribution and movement- 
related firing properties of these units has been presented 
separately [35], but a brief summary is required here, since 
this property of unit activity was modified by the ovarian 
hormones. 

Most of these 111 midbrain units (80%) exhibited 
movement-correlated firing and this firing fell into two basic 
categories. One class of units (42%) was comprised of cells 
which fired principally or exclusively in association with 
head movements, particularly high velocity head swings, but 
also head thrusts (Fig. 2). For a subset of these cells, firing 
also accompanied a particular stationary head position, such 
as forward extension or abduction to a given side. Also, 
some of these cells were especially active during head orien- 
tation movements accompanying visual, tactile and olfactory 
investigation of the environment (Fig. 2). The second cate- 
gory of movement-related neurons (38%), included cells with 
firing levels proportional to the amount and vigor of move- 
ment being exhibited by the animal. For these cells, every 
overt movement was associated with some discharge. Im- 
mobility, at one extreme, was associated with little or no 
firing and locomotion, especially running, was accompanied 
by the highest level or firing. The remaining 20% of the cells 
showed no clear relationship between their level of activity 
and movements by the hamster. As a rule, movement- 
correlated firing was very time-locked with the duration of 
the associated motor event, but frequently began a few 
hundred milliseconds prior to the onset of a movement from 
an immobile state. 

An anatomical difference in the distribution of 
movement-related unit types was evident, such that head 
movement-associated units were nearly all located in the 
deeper laminae of the superior colliculus, whereas units with 
locomotion and other movement-correlated activity were 
found mostly in subtectal midbrain regions. The units with 
no movement-correlated firing were more anatomically 
widespread, being scattered throughout dorsal and ventral 
recording sites. 


Hormone Effects on Midbrain Unit Activity in Relationship 
to Estrogen-P , Induction of Lordosis 


Unit activity levels. Effects of a P, injection on the activ- 
ity levels of midbrain neurons were typically pronounced 
and often rapid in appearance. Of the midbrain neurons re- 
corded on trials where lordosis was induced, 94% showed a 
change in activity between the time of the P, injection and 
the appearance of lordosis responding. In contrast, only 64% 
of the neurons recorded on the control trials showed an ac- 
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FIG. 4. Percentage of neurons showing increased or decreased re- 
sponsiveness to lordosis controlling tactile stimuli after a lordosis- 
inducing P, injection. For each stimulus location on the ordinate, the 
pair of histogram bars shows the percentage of neurons which de- 
veloped a response (solid bar) or lost a pre-existing response (cross- 
hatched bar) to that same stimulus at some time between the P, 
injection and the appearance of lordosis. The numbers below each 
stimulus indicate the total number of neurons which exhibited a 
change in response to each of the stimuli. 


tivity change within the 4-5 hour observation period after P, 
administration. The difference in the incidence of activity 
changes between these two groups of neurons was statisti- 
cally significant, x7(1)=10.33, p<0.001 (Yates correction 
was not used in x’ tests [1]). The magnitude of activity 
changes was also greater after a lordosis-inducing, as op- 
posed to the control, P, injection. Of the 45 neurons showing 
activity changes in the former condition, 69% showed ex- 
treme changes in firing (Figs. 2, 3). These changes involved 
absolute shifts from an active to an inactive state, or alterna- 
tively, the appearance of spontaneous and/or movement- 
related firing in previously inactive neurons (de novo activ- 
ity, in Olds’ terminology [27]). The remaining 31% of the 
neurons showed more graded changes in activity which met 
the quantitative activity change criterion described in the 
Method section. During the control trials, only 29% of the 
changes in firing were of the more pronounced qualitative 
variety, with the majority (71%) being graded, quantitative 
changes. The difference in the incidence of these two de- 
grees of activity change was statistically significant, 
x*(1)=7.19, p<0.01. 

Some neurons exhibited both increases and decreases in 
activity, but with one dominant, sustained direction of 
change. On the experimental trials, increases in firing were 
approximately twice as common as decreases. Essentially 
the opposite was the case for neurons recorded on control 
trials. Here, decreased firing occurred in 9 of the 14 neurons 
with activity changes. A x? test revealed no significant 
difference, however, in the frequency of activity increases or 
decreases between the experimental and control trials. 

The occurrence of de novo activity, where a previously 
inactive neuron began firing after the administration of P,, 
was unique to the recording trials where lordsosis occurred. 
All of the 14 neurons which showed this effect were ob- 
served on trials where P, induced lordosis. This change in 
activity became apparent before, or concurrently with, the 
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FIG. 5. Midbrain locations of units with lordosis-correlated firing. The aspect of lordosis with which each neuron’s activity was associated is 
indicated by the legend at the bottom of the figure, and is explained further in the text. Superimposed symbols indicate locations of units with 
activity falling into two of the categories. Abbreviations are the same as in Fig. 1. 


onset of lordosis responding. De novo activity was also 
anatomically circumscribed, with 11 of the 14 cases occur- 
ring in the dorsal midbrain, principally the deep superior 
colliculus. 

Many of the changes in unit activity were very rapidly- 
appearing after P, injection (Fig. 2). On trials where P, in- 
duced lordosis, activity changes had a median latency of 46 
min and a range of 5-399 min. A quarter of these neurons 
showed activity changes within 15 min of the P, injection. 
The exact time at which these activity changes occurred was 
probably earlier since sampling of unit activity was intermit- 
tent from electrode to electrode. The activity changes were 
almost invariably (with four exceptions) maintained until the 
onset of lordosis responding, which occurred with a median 
of 200 min and range of 127-399 min after P, injection. Simi- 
lar latencies were seen for activity changes after P, on con- 
trol trials, where there was a median latency of 33 min and 
range of 10-154 min. These latencies did not differ between 
the two groups on the basis of a Mann-Whitney U test. 

Sensorimotor properties. Numerous conspicuous 
changes in sensory responsiveness were observed following 
the administration of a lordosis-inducing P, injection. These 
changes were most obvious for neurons in which P, 
produced extreme changes in activity level. Such qualitative 
sensory changes consisted of a complete loss of sensory re- 
sponsiveness in neurons which concurrently lost spontane- 
ous activity (Fig. 2) or conversely, the emergence of sensory 
responsiveness in neurons which developed de novo spon- 
taneous activity (Fig. 3). Some of the sensory responses 
which emerged following the hormonal induction of lordosis 
were closely related to the behavioral consequences of the 
lordosis-eliciting stimulus, as described below. 


Quantitative assessment of sensory responsiveness was 
made according to the criteria described in the Method sec- 
tion. A change in response was defined as either: (1) an 
increase, involving the appearance of a sensory response (on 
one or more post-P, trials) where none existed to that 
stimulus prior to P, injection; or (2) a decrease, meaning the 
converse of (1). By these criteria, a large proportion of the 
neurons exhibited either an increase or decrease in respon- 
siveness to one or more of the somatic stimuli, as shown in 
Fig. 4. These changes occurred in a pattern, such that re- 
sponsiveness to lordosis triggering (perigenital or flank) 
stimuli tended to increase, whereas responsiveness to lor- 
dosis incompatible stimuli (face or the neck-shoulder re- 
gion), decreased after a lordosis-inducing P, injection, 
x7(4)= 10.034, p<0.05. After control P, injections, numerous 
cases of sensory response changes also occurred, but a x? 
test revealed no somatotopic pattern in these changes. Addi- 
tionally, x” tests on the incidence of changes in unit respon- 
siveness for each of the five stimulus locations revealed that 
only the incidence of changes on flank responsiveness differ- 
entiated experimental and control P, conditions, x*(1)=6.62, 
p<0.02, being more frequent in the former case. 

The level of movement-related unit activity was also af- 
fected by the hormonal condition of the animals, such that 
the lordosis-inducing sequence of estrogen and P, elevated 
its incidence. On trials where P, injection induced lordosis, 
85% (41/48) of the recorded neurons exhibited movement- 
correlated firing at some point during recording. On control 
trials, where P, didn’t induce lordosis, only 52% (11/21) of 
the neurons showed such movement-related activity. The 
difference in the incidence of movement-related firing be- 
tween these two hormone-behavioral conditions was signifi- 





HORMONE EFFECTS ON MIDBRAIN NEURONS 





Spikes /sec 
3 


s 
o 





= 


4 OP ROROTD IEEE | 
Walking immobile Lordosis immobile 


Flank stim 


FIG. 6. Example of a ventromedial tegmental neuron which showed 
its highest level of firing during lordosis. This neuron exhibited de 
novo activity, becoming active 60 min after P, injection. In the 38 sec 
segment of activity shown, each data point represents a | sec sample 
of unit activity. The record begins with the animal walking and the 
unit firing at about 7 spikes/sec. The animal then assumed an im- 
mobile, standing posture and the unit's firing rate dropped to about 2 
spikes/sec. Flank stimulation triggered an immediate lordosis 
posture and simultaneous increase in the neuron’s firing. The 
strength of the lordosis response and concurrent firing rate of the 
neuron increased progressively as stimulation was continued. When 
flank stimulation was stopped, lordosis terminated immediately with 
a lowering of the tail and rump, and unit activity dropped as the 
animal assumed a standing immobile posture. The histogram at the 
top shows the mean (+standard errors) rate of unit firing during 
walking (A), immobility (B) and lordosis (C) in the activity sample 
shown. The lordosis-related firing exhibited by the neuron appeared 
to be exclusively related to occurrence of the lordosis posture and 
not a sensory response to the eliciting stimulus, since this firing was 
time-locked with lordosis rather than lumbosacral stimulation. 


cant, x7(1)=8.59, p<0.01. Two of the units recorded on lor- 
dosis trials showed firing exclusively in association with the 
lordosis posture and associated movements. Since this 
movement category was not available for the control condi- 
tions, the data were reanalyzed with these two neurons ex- 
cluded, but a significant difference in the incidence of 
movement-related activity between the two behavioral con- 
ditions remained, x*(1)=6.10, p<0.02. 

Since the majority of the neurons studied showed P,-in- 
duced increases or decreases in activity, the movement- 
related neuronal firing usually was simultaneously mod- 
ulated. Only one of the neurons with movement-related fir- 
ing failed to show a change in this firing on a trial where 
lordosis was induced. Both increases and decreases in the 
magnitude of locomotion and head movement-related activ- 
ity were common. For units with exploration and orienting 
related activity (Fig. 2), 7 of 8 showed decreases in this ac- 
tivity between the P, injection and appearance of lordosis. 
As mentioned earlier, units with movement-related activity 
were more rare on P, control trials, so quantitative state- 
ments about them are less meaningful. Control P, injections 
did produce changes in movement-related activity for most 
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FIG. 7. A unit with lordosis-related activity and convergent respon- 
siveness to lordosis-trigger and lordosis-interrupting sensory stim- 
uli. As in Fig. 6, the data points in each segment of activity represent 
1 sec samples of unit firing. This cell showed complete or nearly 
complete suppression of firing when the animal was in lordosis and 
was receiving concurrent lumbosacral stimulation. The presence of 
lordosis in the absence of an eliciting stimulus was associated with a 
slightly higher firing rate. The segment of activity shown at the 
upper left begins with the animal in a strong lordosis posture during 
perigenital stimulation. Transient accelerative responses of the 
neuron to two successive visual stimuli (movement of a hand above 
the animal’s head) occurred, but the lordosis posture was retained 
until 6 sec after the termination of perigenital stimulation. The activ- 
ity segment at the upper right begins with the animal in a weaker 
lordosis posture during flank stimulation, which was associated with 
a higher level of unit firing than the previous example of a strong 
posture. A spontaneous head movement coincided with a brief, 
strong acceleration of unit activity. After termination of flank stimu- 
lation, repeated visual stimulation with the hand caused a marked 
acceleration of unit firing and, ultimately, interruption of lordosis. 
During the walking which followed, the unit’s activity was high and 
variable. At the lower left, the activity segment begins with the hamster 
immobile, but not in lordosis and moderately high, variable unit 
activity. Flank stimulation elicited immediate, strong lordosis and 
unit activity declined precipitously. With termination of flank stimu- 
lation, the cell’s firing rate increased and the lordosis response 
began to deteriorate. Tapping the face twice with the stimulating 
brush markedly accelerated unit firing and led to termination of 
lordosis. During the immobile posture which followed lordosis inter- 
ruption, the unit’s firing rate was again moderately high and varia- 
ble. The histogram at the lower right shows the mean firing rate of 
the unit (+standard errors) during walking (A), immobility (B), lor- 
dosis with lumbosacral stimulation (C), lordosis without stimulation 
(D), strong lordosis which was maintained during visual stimulation 
(E), weak lordosis during visual stimulation which interrupted the 
response (F), and weak lordosis during face stimulation which inter- 
rupted the response (G). 
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FIG. 8. Waveforms of spikes from single units which were recorded on two successive days. A and B show digitized 
averaged waveforms (n=30 successive spikes/average) recorded from two different neurons. The upper and lower 
waveforms on each side of the figure are averages computed from spikes recorded on the first and second days, respectively. 
The value of the crosscorrelation coefficient, which was calculated from data points between the arrowheads, is shown 


below each pair of averaged waveforms. 


of these neurons, but the incidence of some change in 
movement-related activity was higher on the trials where P, 
induced lordosis (43/44 cases) than on control trials (10/14, 
x*(1)=9.325, p<0.01). 

Units with activity related to the lordosis response. 
Lordosis-correlated patterns of firing were observed in 22 
(52%) of the neurons which were evident during the period of 
lordosis responding. The majority of the neurons with 
lordosis-correlated firing (18/22) was located in the dorsal 
midbrain, principally the deep tectum, as shown in Fig. 5. 
The lordosis-related activity of these neurons fell into four 
basic categories: (1) highest level of firing occurred during 
lordosis; (2) phasic changes in firing were associated with 
transitions into or out of lordosis; (3) firing which was de- 
creased and regularized during lordosis; and (4) activity 
which was correlated with the adjustments in the charac- 
teristic head, rump and tail posture of lordosis. Except for 
the mutually exclusive categories (1 and 3), combinations of 
these properties were frequently seen in individual cells. 
Examples of lordosis-related neuronal activity are shown in 
Figs. 3, 6 and 7. 

The appearance of lordosis-related firing was preceded by 
a transformation in the activity level, sensory responsive- 
ness, and/or movement-related firing of most of the units 
involved. Of the neurons which developed lordosis- 
correlated firing, 19 had initially exhibited activity associated 
with head movements or locomotion. All of these cells ex- 
hibited marked transient or sustained changes in activity 
level (10 increased and 9 decreased) at some time between 


the P, injection and the onset of lordosis-responding. Three 
cells (including two with de novo activity) showed activity 
for which lordosis was the only obvious motor correlate. 
Neurons with de novo activity comprised a large portion 
(7/22) of the neurons with lordosis-correlated activity. Of the 
seven previously-described units which showed orienting- 
related activity and a P,-induced activity decline, three de- 
veloped lordosis-correlated firing, but of a suppressive na- 
ture opposite to the acceleration shown by these units during 
orienting and sniffing. 

The emergence of changes in sensory responsiveness due 
to lordosis-inducing P, injections has been described above. 
However, this sensory change merits additional considera- 
tion here, because there was often a close relationship be- 
tween a unit’s sensory response to lordosis triggering or in- 
terrupting forms of stimulation and the behavioral effect of 
the stimulus. For eight such neurons, a response to lum- 
bosacral stimuli was consistently stronger when the stimulus 
evoked lordosis than when this response was not elicited, 
even for stimuli applied within the time period when lordosis 
was elicitable. Furthermore, the strength of sensory re- 
sponses of these units was proportionate to the strength of 
the lordosis response elicited by the stimulus (Figs. 3, 7). 
One of these neurons responded to the lumbosacral stimulus 
in a very stimulus-bound fashion, but only when a given 
application of the stimulus was effective for triggering lor- 
dosis. Firing of this neuron was not related to a particular 
motor pattern, including lordosis. Two other cells showed 
responses to facial stimuli where the strength of the response 





HORMONE EFFECTS ON MIDBRAIN NEURONS 


was directly related to the effectiveness of the stimulus for 
interrupting the lordosis posture. For one of these neurons 
(Fig. 7), the same relationship existed for a response to vis- 
ual stimulation. 

Functional transitions observed in long-term recordings 
from single neurons. As mentioned above, the activity of six 
neurons was recorded on each of two successive days where 
P, was given and only the first injection elicited lordosis. 
Cross-correlations between the averaged spike waveforms 
(Fig. 8) recorded from these neurons on the two successive 
test days were very high, ranging from 0.977 to 0.993. These 
results provide strong quantitative support for the interpre- 
tation that these correlated waveforms arose from the same 
neuron on successive days of recording. 

These cells afforded a unique opportunity to examine the 
consequence of behaviorally-effective and ineffective P, in- 
jections on the activity of a given neuron. The pattern of 
hormone effects on these neurons basically replicated that 
seen for the entire sample of units. There was a high inci- 
dence of sensory responsiveness, movement-related firing 
and P,-induced changes in activity following the first, 
behaviorally-effective, P, injection. Five of these cells 
showed an activity level change after the first P, injection 
and only three neurons did so on the subsequent control 
trial. All the neurons exhibited movement-related firing dur- 
ing day of the lordosis trial, but only three did so during the 
control trial. Four of the cells responded to two of the five 
somatic stimuli during the first trial, including three neurons 
which developed lumbosacral responses as lordosis ap- 
peared. Only three of the cells showed a somatic response at 
some time during the control trial and all of these responses 
were to facial stimuli. 

It is noteworthy that the number of neurons which were 
identifiable on two successive days was small, relative to the 
number of neurons otherwise present each day. This day to 
day discontinuity in unit activity probably resulted from a 
number of factors, including an activational effect of the ini- 
tial estrogen-P, sequence, a lack of this effect with the sec- 
ond P, injection, and some degree of electrode movement in 
the brain. On logical grounds the last-mentioned factor 
seems least important, however. Electrode drift, unless it 
was always purely dorsalward (which is unlikely with the 
present technique, [21]) would be as likely to result in the 
appearance of new cellular activity as loss of prior activity. 


DISCUSSION 
Methodological issues 


Prior to any interpretation of the functional and theoreti- 
cal significance of these results, several methodological is- 
sues must be addressed. Chronic single unit recording from 
freely-behaving animals provides the experimenter with a 
unique view of the behaviorally-relevant neural effects of 
ovarian hormones. But, this method is also a source of in- 
terpretational complexities. These complexities are not as 
evident in recordings from anesthetized animals or in chronic 
recording from partially-restrained animals, where very nar- 
row ranges of sensory and motor function are being investi- 
gated. 

One of these issues concerns the radical changes in unit 
activity which followed P, injection and whether these 
changes were due to unstable recordings rather than a neu- 
rophysiological effect of the hormone. This issue pertains to 
the units showing de novo activity as well as those showing a 
complete loss of activity after P,, but the following discus- 
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sion will be explicitly addressed to the former neurons. 
There are at least five types of evidence which argue against 
the possibility that recording instability accounts for these 
profound changes in neuronal activity. First, the occurrence 
of de novo activity was hormonally and behaviorally spe- 
cific, occurring only in recording sessions where P, injection 
resulted in the display of lordosis. Second, this activity was 
regionally circumscribed, occurring almost exclusively in the 
dorsal midbrain. Thus, if the lordosis-inducing combination 
of estrogen and P, produced a subtle change in intracranial 
pressure or fluid volume, one would expect the position of all 
electrodes, dorsal and ventral, to be affected. Third, in most 
instances of de novo activity, another single unit with very 
stable amplitude and waveform was present throughout the 
entire recording session at the same electrode or the adjacent 
electrode of the implanted pair. Fourth, the appearance of de 
novo activity (or complete cessation of activity) was usually 
progressive, with the firing rate of the neuron increasing (or 
decreasing) gradually after P, injection, while constantly 
exhibiting stable waveform and amplitude properties. Last, 
none of the units showing these pronounced activity changes 
exhibited any evidence of injury discharges, which would 
have been expected if electrode/brain movement had been 
occurring. This is not to say that fine wire microelectrodes 
don’t migrate somewhat over a period of days after implan- 
tation, since there is evidence that they do so [21]. In gen- 
eral, however, the present work, as well as numerous studies 
by others [27, 29, 40, 45], provide compelling evidence that 
fixed, fine wire microelectrodes show good recording stability. 

An additional methodological issue is the complexity of 
the sensory and motor conditions prevailing during recording 
from freely-moving animals. There are inevitably variations 
in the application of somatic stimuli under such conditions, 
but these stimuli were doubtless applied with sufficient con- 
sistency to have broadly activated the tactile receptors in 
each target skin region. In addition, the behavioral effective- 
ness of the stimuli was obvious when they elicited or inter- 
rupted lordosis. For assessment of hormone effects, efforts 
were made to compare sensory responses recorded during 
similar behavioral states. However, slight changes in the 
hamster’s movement, posture or muscle tone often accom- 
panied stimulation and may have produced some uncon- 
trolled modulation of neuronal sensory responsiveness [26]. 
Likewise, in assessments of hormone effects on movement- 
related unit activity, it is difficult to be certain that two seg- 
ments of motor activity are completely comparable. How- 
ever, the presumed effects of lordosis-inducing P, injections 
on sensory and movement-related firing were typically of 
considerable magnitude. Regarding unit sensory responses, 
there were numerous instances of absolute, unequivocal dis- 
appearance or appearance of sensory responsiveness in 
neurons which underwent profound alterations of activity. 
The other neurons showed more graded, quantitative sen- 
sory changes, but with essentially the same receptive field 
pattern and temporal progression with respect to lordosis 
induction. The same argument, that the presumed hormone 
effects were too large and systematic to be spurious, applies 
to changes in movement-related unit activity. Here, only in- 
stances where a neuron acquired or lost movement-related 
firing, in an all-or-none sense, were taken as hormone ef- 
fects. No attempt was made to assess graded changes in 
movement-related firing. In summary, these hormone effects 
on sensory and movement-related unit activity were so 
pronounced, it is highly unlikely that they were artifacts of 
data sampling and analysis procedures. 
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Functional Characteristics of Midbrain Neurons in Freely- 
Behaving Hamsters 


Movement-related firing was a predominate characteristic 
of the midbrain neurons recorded in the present study. This 
activity ranged in type from firing selectively associated with 
head movements to activity associated with all types of 
movement. All of these neurons fired in a very time-locked 
relationship to the associated movements and the magnitude 
of this firing was greatest with movements of greatest ampli- 
tude and velocity. The units with head movement-related 
activity were primarily located in the deep superior col- 
liculus, whereas the cells with more global movement- 
related activity were principally subtectal. On the basis of 
their firing patterns and previously-reported effects of le- 
sions and stimulation of the regions where they were re- 
corded, it is likely that some of these neurons participate 
directly in the control of head movements and locomotion 
(see [35] for further discussion). Sensory responses, espe- 
cially somatic, were also common in these neurons, but in- 
herent limitations in stimulus control in freely-moving 
animals prevents assessment of the full range or limits of 
sensory responsiveness of these neurons. The procedures 
used to assess sensory responses make it clear, however, 
that movement-related activity was not due to sensory (in- 
cluding proprioceptive) feedback [35]. 

The combined presence of sensory responses and 
movement-related firing in many of the midbrain neurons is 
direct evidence for the type of sensorimotor integration 
which has been assumed to occur in the midbrain, especially 
the tectum. The most extensive previous evidence for dorsal 
midbrain sensorimotor integration has come from studies of 
visual orienting responses of hamsters [3, 4, 39] and rats 
[3,4], eye movement control in cats [41] and monkeys [47], 
and in Ewert’s elegant analysis of optic tectum function in 
toads [9]. Of particular interest here, is the present evidence 
for interactions between sensory and motor processes, as 
when the strength of a sensory response varied with the 
strength of a behavioral response to the same stimulus (e.g., 
orienting, Fig. 2). Examples of sensorimotor integration 
were also found in neurons with lordosis-correlated firing, 
where this firing was enhanced by lordosis trigger stimuli, 
but antagonized by lordosis interrupting stimuli (Fig. 6). 


Ovarian Hormone Effects on Midbrain Neurons and Their 
Behavioral Significance 


From the preceding discussion, it is evident that many of 
these midbrain neurons may be involved in controlling the 
ongoing stream of head movement, locomotion and orienting 
responses typical of the hamster. The main issue to be ad- 
dressed in this section is whether the functional changes 
produced in midbrain neurons by P, were causal in the ap- 
pearance of lordosis responses, temporary but profound in- 
terruptions of the otherwise continuous flow of movement 
emitted by the hamster. 

Before dealing directly with this question, however, it is 
necessary to review the effects of estrogen and P, on these 
midbrain neurons. These effects were pervasive, they were 
often rapidly-appearing; they showed dependency on estro- 
gen priming; and they entailed selective, functionally cohe- 
rent changes in the activity and sensory excitability of mid- 
brain neurons. The activity level of midbrain neurons was 
the most sensitive indicator of a P, effect, since nearly all the 
cells were affected in this sense, following injections which 
induced lordosis. The changes in activity level and sen- 
sorimotor function were often rapid, and for several 
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neurons, occurred within 5—10 min of subcutaneous P, injec- 
tion. In most instances, these hormone-induced changes in 
neuronal function persisted beyond the onset of lordosis re- 
sponding. In essence, the P, influence entailed a cumulative 
change, with progressively more units undergoing a func- 
tional transformation between P, injection and the onset of 
lordosis responding. 

In spite of the pervasiveness of the neural effects of a 
lordosis-inducing P, injection, the pattern of change, in 
anatomical and physiological terms, was very orderly and 
functionally coherent. This result is quite different from the 
global, depressive effects on neural activity observed in ear- 
lier studies involving acute P, administration to anesthetized 
animals [20,30]. De novo activity, for instance, was mainly 
confined to the dorsal midbrain and was invariably associ- 
ated with the hormonal induction of lordosis. The selectivity 
of the P, effects is further exemplified by the fact that a 
lordosis-inducing P, injection resulted in activity which was 
related to lordosis or lordosis-compatible processes. The 
emergence of lordosis-correlated activity, which was con- 
centrated in the dorsal midbrain, is a highly specific end 
result of the P, injection. This is especially true when it oc- 
curred in neurons with de novo activity, which also devel- 
oped responsiveness to lordosis trigger stimuli. In contrast, 
P, suppressed firing in most neurons showing activity corre- 
lated with orienting and rearing, behaviors incompatible with 
lordosis. Changes in neuronal sensory responsiveness were 
also consistent with a shift toward lordosis expression. P, 
injection increased unit responsiveness to lordosis trigger 
(perigenital or flank) stimuli and decreased responsiveness to 
stimuli antagonistic to lordosis (neck-shoulder or face). 

The effects of a lordosis-inducing P, injection on the 
above-described properties of midbrain neurons differed 
from the effects of control P, injections in qualitative and 
quantitative terms. The proportion of neurons showing an 
activity level change, the responsiveness of these neurons to 
lordosis-controlling somatic stimuli and the incidence of 
movement-related neuronal firing, all differed after the two 
types of P, injection. Obviously P, administration had a po- 
tent neural effect in both instances, but the effect was greater 
under conditions of estrogen pretreatment where the behav- 
ioral effect ensued. 

Having reviewed the ovarian hormone effects on these 
midbrain neurons, it is appropriate to consider whether these 
effects were causally related to the hormonal induction of 
lordosis responses. Unfortunately, there is always uncer- 
tainty in inferring a causal association between concurrent or 
sequential changes in a physiological, biochemical, or 
anatomical variable and a behavioral event. The com- 
plexities inherent in such interpretations have been particu- 
larly apparent in recent discussions of hypothetical com- 
mand neurons [19]. There are, however, grounds for infer- 
ring a causal association between the hormone-dependent 
electrophysiological and behavioral events observed in the 
present study. In addition, the results of converging opera- 
tions, that is, other experiments on this problem based on 
different methods or procedures, also support such causal 
interpretations. 

With respect to the present results, the magnitude, speci- 
ficity, timing, neuroanatomical distribution, sensorimotor 
pattern and estrogen dependency of P,-induced changes in 
midbrain units, are all consistent with a causal relationship to 
lordosis. Regarding the magnitude of the P, effect, injections 
which produced lordosis also produced functional changes in 
a substantially greater proportion of neurons than behav- 
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iorally ineffective control injections. The most behaviorally 
specific P, effect was induction of de novo activity. In fact, 
the occurrence of de novo firing in a neuron was an un- 
equivocal predictor of impending lordosis responding. 

Regarding the timing of the P, effects, during the interval 
between the hormone’s injection and the appearance of lor- 
dosis responses, there was a cumulative increase in the 
number of neurons showing functional changes. Most of 
these changes persisted until after lordosis responses had 
appeared. Thus, the changes in neuronal activity preceded 
and overlapped in time with the onset of hormone-induced 
behavior. 

The anatomical pattern of P,-induced changes in neuronal 
activity is a particularly strong indication that these changes 
were causal in the induction of lordosis. De novo unit activ- 
ity was most common in the deep tectum. In addition, the 
majority of neurons which exhibited lordosis-correlated ac- 
tivity (which also involved many of the neurons showing de 
novo activity), were located in the dorsal midbrain, mainly 
the deep tectum. As mentioned in the Introduction, the deep 
tectum and adjacent dorsal midbrain has been found [24,37] 
to be especially critical for the elicitation of golden hamster 
lordosis. 

The nature of the sensory changes produced in midbrain 
neurons by P, is also highly consistent with causality of lor- 
dosis. Of the neurons which showed a change in somatosen- 
sory responsiveness when lordosis appeared, there was a net 
gain in responsiveness to lordosis trigger stimuli and a net 
loss in responsiveness to lordosis-antagonizing stimuli. This 
observation was basically replicated for neurons recorded on 
two successive trials. In previous recording from midbrain 
neurons in anesthetized hamsters [36], administration of a 
lordosis-inducing estrogen-P, sequence produced an effect 
on midbrain unit tactile receptive fields similar to that in the 
behaving animals, by enhancing responsiveness to lordosis 
trigger stimuli. In contrast, administration of P, alone 
produced low responsiveness to lordosis trigger stimuli, but 
enhanced unit responsiveness to face stimulation [36]. 

The pattern of P, effects on movement-correlated mid- 
brain neuronal activity also supports a causal relationship 
between the hormone’s effect on these neurons and the in- 
duction of lordosis. A lordosis-inducing P, injection sup- 
pressed activity in most neurons which showed exploration 
and orienting-related (i.e., lordosis-incompatible) activity 
and produced lordosis-correlated firing in some of these 
neurons. In some units which developed de novo activity, 
lordosis-correlated firing was the sole behavioral correlate. 
As a consequence of these P,-induced sensorimotor changes, 
one would expect a lowered probability of lordosis-incom- 
patible behavior and a higher probability of lordosis in re- 
sponse to lumbosacral stimuli, which of course, was the case. 

In summary, midbrain neurons are in a particular func- 
tional configuration [2] with sensory and motor systems be- 
fore P, exposure to the estrogen-primed brain. P, effects a 
functional reconfiguration of the midbrain sensorimotor ac- 
tivity, through selective modifications of neuronal firing 
levels, sensory excitability and movement-related discharge. 
As a consequence of this functional reconfiguration, lum- 
bosacral stimuli generate an output (lordosis) different from 
that which would have occurred (avoidance or no response) 
prior to the P, injection. 


Mechanisms of Ovarian Hormone Effects on Midbrain 
Neuronal Activity 


There are a variety of possible means by which estrogen 
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and P, could bring about the changes in midbrain neuronal 
function observed here. The dependency on estrogen prim- 
ing of the behavior-correlated P, effects may result, as is 
commonly assumed, from a genomically-mediated es- 
trogenic induction of cytoplasmic P, receptors (reviewed in 
[8]). The behavioral estrogen priming effect appears to arise 
hypothalamically, since the principal concentrations of es- 
trogen binding neurons [18] and most sensitive sites for es- 
trogen implant induction of hamster lordosis are in the 
mediobasal hypothalamus [5,43]. In contrast, the actions of 
P, may be multiple in mechanism and location, including 
non-genomic modes of action [8]. P, implants in either the 
mediobasal hypothalamus or ventromedial midbrain are ef- 
fective for induction of hamster lordosis [7,43] and there is 
some evidence (discussed in [13] and [37]) that a midbrain 
action of P, may be especially important for maintenance of 
the long-duration lordosis responses characteristic of the 
golden hamster. Although intracerebral P, implantation typi- 
cally requires hours to induce hamster lordosis [7], implying 
a receptor-mediated genomic mechanism of action, rapid ef- 
fects (i.e., 10 min) have been seen with intraventricular P, 
administration [16]. The latter observation is quite interest- 
ing in view of the rapid effects of P, on many midbrain 
neurons in the present study. Some of these effects appeared 
5-10 min after subcutaneous hormone administration and 
thus appear to be incompatible with a genomic mechanism of 
P, action [8]. Instead, these rapid P, effects may represent a 
direct action of the hormone on midbrain neuronal mem- 
branes or a modulation of synaptic action on these midbrain 
neurons. Evidence for both types of P, effects in hamsters 
was recently obtained in this laboratory [14]. Since P, was 
administered systemically in the present experiments, it is 
not clear where the hormone’s effect was initiated in the 
brain. However, these rapid neuronal effects of P, are con- 
sistent with other evidence for a direct membrane effect of 
ovarian steroids. This evidence includes changes in firing 
rate produced in hypothalamic and limbic neurons by ion- 
tophoretic or pressure application of estrogens in vivo (22 
and estrogen effects on membrane polarization and current 
flow in hypothalamic [15] and amygdaloid [25] neurons in 
vitro. A great variety of evidence, in fact, is accruing for the 
existence of a rapid membrane action of ovarian steroids on 
neuronal as well as non-neuronal cells [42]. 

In the present work, the early effects of P, may have been 
necessary for some of the more slowly-developing actions of 
the hormone on midbrain neurons including some slower, 
genomically-mediated processes. This issue cannot be re- 
solved with currently available information, but these results 
demonstrate that P,, in the estrogen-primed hamster, ini- 
tiates a cascade of cumulative changes in midbrain neuronal 
functioning. These changes probably involve a combination 
of estrogen-dependent genomic and non-genomic, direct 
membrane/synaptic processes, both of which are necessary 
for the induction of sustained lordosis responses. As we have 
proposed earlier [36], each hamster may have a threshold 
number of relevant neurons which must undergo a change of 
functional state for lordosis to be elicitable. Additional 
neurons may have to change state for the response to be- 
come strong and reliably elicited. The fact that these changes 
in neural functioning are cumulative and begin soon after 
hormone injection, implies that individual differences in the 
threshold number of changed units required for lordosis, 
coupled with individual differences in sensitivity to ovarian 
hormones [11,46], could account for individual differences in 
the latency of lordosis onset. 
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EIKELBOOM, R. Learned anticipatory rise in body temperature due to handling. PHYSIOL BEHAV 37(4) 649-653, 
1986.—Hyperthermia produced by handling becomes evident at the initial daily measurement if temperature is measured at 
a consistent time. This hyperthermia may be a learned effect occurring in anticipation of handling. In Experiment One male 
Wistar rats were either unhandled or had their temperatures measured daily in the dark or the light part of the day. All 
animals had their temperatures measured on Day 29, in the dark. Rats usually tested in the dark were hyperthermic, 
38.8°C, relative to rats previously handled only in the light, 38.1°C, and to naive rats, 37.9°C. In Experiment Two rats were 
handled three times daily in either the light or the dark. On Day 9 each group was divided in two, and temperatures were 
measured at either the usual time or at the other time. Rats tested at their usual time were hyperthermic, relative to rats 
normally handled in the other part of the cycle. This suggests a conditioned hyperthermia occurs in response to stimuli 
predictive of handling. 
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SIMPLY measuring a rat’s rectal temperature elevates body 
temperature about 1.0°C for over an hour [3, 7, 12, 14]. This 
elevation has been attributed to the arousing effects of han- 
dling the rats [3,12]. The fact that the effects of drugs on 
body temperature may be masked, changed, or even pre- 
vented when they occur in conjunction with this handling- 
induced rise in temperature suggests this is not an innocuous 
procedure [1, 12-15]. Ideally the solution to this problem 
would be to not handle the rats and use some form of tele- 
metric recording of body temperature. The relative ease of 
rectal measurement, however, suggests that many studies 
will still use this method. Further, in most studies animals 
still need to be handled for injections or weighing and so 
would still undergo the handling-induced temperature in- 
crease. The present experiments report that the handling- 
induced hyperthermia may be conditionable to general 
stimuli, i.e., time of day, presence of the experimenter, 
which are predictive of handling. 

In previous work [6,7] we noticed that the baseline home 
cage temperature of the first few animals handled was lower 
(37.2°C) than that of subsequent rats (over 38°C for the last 
animals handled). This difference between rats is similar in 
magnitude to the handling effect but cannot be due to the 
handling of the animals as it takes several minutes for a rat’s 
body temperature to increase this amount [12]. Preliminary 
studies found that there was a correlation between the order 
in which the animals were handled and their body tempera- 
ture. While group mean temperature of rats in several rep- 
lications ranged between 37.7 and 37.9°C, the regression 
lines revealed a Y intercept of 37.1 to 37.3°C, the body tem- 
perature of unstressed animals [10,12]. This correlation was 





not evident initially and developed over the first few days of 
handling and body temperature measurement; it was evident 
even if animals had previously only been weighed. After 
several days of daily temperature measurement the correla- 
tions (Pearson r) between the order the rats were handled 
and their body temperature ranged, in the various rep- 
lications, from .68 to .77. The fact that this correlation de- 
veloped over days suggests it was not simply due to signals 
emanating from the first rats producing changes in the later 
tested rats. 

Since these studies involved daily temperature measure- 
ment the difference between the temperature of the first and 
last few rats may have been a learned effect occurring in 
anticipation of the actual temperature measurement. The ar- 
rival of the experimenter and the handling of the first few rats 
could act as a conditioned stimulus resulting in a conditioned 
temperature increase that mimicks the increase induced by 
the rectal probing. Conditioned temperature changes have 
been demonstrated using drugs that affect body temperature 
[4, 6, 8] and various stressful events like microwave-induced 
hyperthermia [2], electric shocks [5], and exercise [10]. If 
simply handling the rats can produce a conditioned tempera- 
ture increase it suggests that temperature changes can be 
conditioned with relatively benign unconditioned stimuli. 
This conditioned effect might in turn be a confound in many 
of the other temperature conditioning studies. 


EXPERIMENT | 


If the correlation between order of handling and body 
temperature is due to an anticipatory conditioned increase in 
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temperature, then, by manipulating the stimuli predicting 
handling, it should be possible to affect body temperature. 
That is, the body temperature of animals measured in the 
presence of stimuli previously associated with handling 
should be higher than that of animals not normally handled in 
that situation. In this experiment animals were divided into 
three groups, two of which had distinctive temporal and 
lighting cues predicting temperature measurement and a 
third group that was not handled until the test days. 


METHOD 
Subjects 


Male Wistar rats (n=33) weighing between 225 and 250 g 
at the time of arrival were obtained from Charles River 
Canada, St. Constant, Quebec. Animals were individually 
housed in standard stainless steel cages with food and water 
available ad lib throughout these studies. The animal room 
was maintained at a constant temperature of 22+1°C with a 
12/12 light/dark cycle (lights off 14:00 hr). One small light 
was constantly on to permit testing in the dark phase of the 
cycle. 


Procedure 


Temperatures were measured using a Yellow Springs 
Telethermometer with a model 423 probe. Animals were re- 
moved from their cage, carried to a table in the animal room, 
and placed in a small three sided trough (6x22 x22x4 cm). 
The rats tails were lifted so their hind paws were in the air 
and the lubricated probe inserted 6 cm into the rectum [11]. 
The animals were then let down and gently held in the trough 
for the approximately 45 seconds necessary to get a stable 
temperature measurement. Animals were weighed and re- 
turned to their home cage. The total time elapsed from cage 
opening to cage closing was a little over a minute. The probe 
was then cleaned and the next animal’s cage opened. 

All animals were left unhandled in their cage for thirty 
days to habituate to their housing and lighting conditions. 
The animals were then randomly divided into three groups of 
11 rats. The first group of animals (Light group) had their 
temperatures measured and were weighed daily at 9:00+0:30 
hr, during the light part of the cycle. Animals in the second 
group (Dark group) had their temperatures measured and 
were weighed daily at 16:30+0:30 hr, during the dark part of 
the cycle. Animals in the last group (Naive group) remained 
in their home cages. Each day the order the animals were 
handled was varied. It took approximately 15 minutes to 
measure the body temperature and weight of 11 rats. 

After 14 days of this procedure, on Day 15, all animals 
had their temperatures measured three times at 45 minute 
intervals starting at 9:00 hr. Three measurements were taken 
to determine the consequences for body temperature of the 
first measurement. On this day, animals were not weighed, 
permitting a measurement of all 33 animals’ temperatures 
within 30 minutes. One animal from each group was tested 
before the next animal in the group was handled. After the 
three temperature measurements, animals were left unhan- 
died until the next day. 

From Day 16 to Day 28 animals were treated in their usual 
manner, i.e., one temperature measurement a day, except 
for a two day break when no animals were handled (Days 17 
and 18). On Day 29, animals in the Light group were handled 
as usual at 9:30 hr, but at 16:30 hr in the dark, all 33 animals 
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had their temperatures measured three times at 45 minute 
intervals. 


RESULTS 


Mean body temperature of Light group animals meas- 
ured in the light part of the cycle was always lower (ranging 
from 37.3 to 37.9°C) than that of Dark group animals meas- 
ured in the dark part of the cycle (37.8 to 38.7°C). On the first 
day, correlations between order of handling and body tem- 
perature were not significant (r=.20 for the Light group and 
r=.40 for Dark group). On subsequent days the correlation 
rose, becoming and remaining significant (r>.60) by Day 2 
for rats in the Light group and by Day 4 for rats in the Dark 
group. On test days (Day 15 and Day 29), the correlations for 
Group Naive were not significant (r=.13 and r=.30, respec- 
tively). 

The body temperature of animals in each of the three 
groups starting at 9:00 hr on Day 15, during the light part of 
the cycle, and at 16:30 hr on Day 29, during the dark part of 
the cycle, are shown in Fig. 1. Analysis of variance 
(ANOVA) of the first body temperature measurement re- 
vealed no significant differences on Day 15 (F<1) but did 
find significant group differences on Day 29, F(2,30)=7.75, 
p<0.01. On Day 29, Group Dark rats which usually had their 
temperature measured at this time had a body temperature 
that was significantly higher than animals not usually han- 
died at this time (Scheffe p<0.05). Temperatures of rats in 
Group Light and Group Naive did not differ significantly. 

Figure 1 also shows the second and third temperature 
measurement taken on each of the test days. On Day 15, 
while there were no significant differences in the first tem- 
perature measurement of the three groups, there was a signif- 
icant difference in subsequent temperature readings. 
Animals never handled were warmer than animals in the 
other two groups for the second and third temperature meas- 
urement. A Group x Time ANOVA for the second and third 
measurement revealed only a significant Group effect, 
F(2,30)=3.95, p<0.05. A similar Group x Time ANOVA for 
the second and third temperature measurements was done 
for Day 29 and revealed a similar significant Group effect, 
F(2,30)=4.55, p<0.05. In this case, however, the initial tem- 
perature difference between groups makes interpretation of 
this subsequent difference difficult. Though the increase in 
temperature from the first measurement was largest in the 
Naive group animals, the absolute temperatures were high- 
est in Dark group animals. 


DISCUSSION 


It was predicted that a temperature difference would be 
evident between animals exposed to stimuli predictive of 
handling and animals for whom handling had not been con- 
ditioned to these stimuli. This difference was found on Day 
29 in the dark part of the cycle: animals normally handled at 
this time were warmer than animals not usually handled at 
this time. The difference was not seen on the first test day, 
Day 15, when animals were tested during the light part of the 
cycle. This difference in results could be due either to an 
insufficient number of training or conditioning trials by Day 
15 or to the fact that the effect is less evident during the day. 
The next experiment will investigate these two possibilities. 

The contrast between the lack of a group difference on 
Day 15 and the rapid development of the correlation between 
handling order and temperature deserves some comment, 
but may not be all that surprising. For development of the 
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FIG. 1. Mean (+SEM) body temperatures taken at 45 minute inter- 
vals of rats in the three groups tested on Day 15 during the light part 
of the cycle and on Day 29 during the dark part of the cycle. 


correlation between handling and body temperature there 
may have been any number of very salient cues (presence of 
the experimenter or signals from the first rats) which were 
predictive of handling half the time. By way of contrast these 
salient stimuli had to be treated differentially depending on 
lighting conditions for the difference between the groups to 
be evident in this experiment. It is therefore not surprising 
that this discrimination was harder to learn for these animals. 

As might be expected, on Day 15, naive rats responded to 
the initial handling by showing a dramatic rise in body tem- 
perature. (Similarly on Day 29 the largest rise in temperature 
was in Naive group rats.) Animals that had been handled 
previously, whether they were handled in the light or dark 
phase of the cycle, did not show as large a hyperthermia after 
the initial temperature measurement. This replicates previ- 
ous findings that the rise in temperature seen after handling 
disappears over days, possibly due to habituation [3, 7, 14]. 
Note, however, that while on Day 15 animals previously 
handled showed no rise in temperature, on Day 29, after 
more handling, the same animals did show a hyperthermic 
response to handling. This suggests that there may be circa- 
dian influence operating. 


EXPERIMENT 2 


In this experiment, rats were given extensive handling in 
either the light or dark part of the cycle before testing. In 
order to potentiate the salience of the lighting cue the 
animals were handled three times a day rather than once a 
day as in the first experiment. On the test day, half the 
animals were handled during the part of the cycle in which 
they were normally handled, while the other half were han- 
dled at the other time, producing a two by two design. 


METHOD 
Subjects 


Male Wistar rats (n=50) were obtained and housed in a 
manner similar to that used in Experiment |. Lights went on 
and off at 4:00 hr and 16:00 hr, respectively. 


Procedure 


Animals were weighed twice in the first 21 days after 
arrival, to gentle them slightly, before the start of the exper- 
iment. On Day 1, half of the animals (the Light group) had 
their temperatures measured and were weighed at 8:45 hr, a 
procedure taking approximately 35 minutes. Forty-five and 
ninety minutes later these animals had their temperatures 
measured a second and third time. At 18:30 hr, the remaining 
animals (the Dark group) were handled in a similar manner, 3 
temperature measurements at 45 minute intervals. This pro- 
cedure was followed for the subsequent seven days with 
starting times not varying by more than an hour. On the 
eighth day, animals were not handled. The next day (Day 9), 
the two groups were divided and half the animals in each 
group had their temperatures measured three times at 45 
minute intervals starting at 8:00 hr, during the light part of 
the cycle (groups Light-Light and Dark-Light). The remain- 
ing animals from each group were tested in a similar manner 
starting at 18:00 hr, in the dark part of the cycle (groups 
Light-Dark and Dark-Dark). 


RESULTS 


Two rats lost a few grams from Day 7 to Day 9 suggesting 
they were not completely healthy and were therefore ex- 
cluded from the experiment. This resulted in 12 animals in 
each of the four groups. Figure 2 shows the temperatures of 
the four groups on Day 9. A Handling x Cycle x Time 
ANOVA revealed significant Handling, F(1,44)=12.62, 
p<0.01, Cycle, F(1,44)=60.75, p<0.001, and Time, 
F(2,88)=4.21, p<0.02, main effects. The Handling effect re- 
flects the fact that temperatures were warmer for animals 
handled at the normal time, groups Light-Light and Dark- 
Dark, than for animals normally having their temperatures 
measured at the other time, groups Light-Dark and Dark- 
Light. It is clear from Fig. 2 that temperatures were higher at 
night, that is in the dark, than during the light part of the 
cycle; the Cycle effect. The Time effect reveals that overall 
the temperatures were still being affected by the repeated 
handling, though in absolute terms the differences were not 
large, 37.95, 38.15, and 38.02°C for the first, second and third 
measurements, respectively. None of the interactions were 
significant. From Fig. 2, however, it appears that animals 
handled at the normal time do not show the marked increase 
in temperature from the first to second temperature meas- 
urement shown by animals normally handled at the other 
time. To test this a similar three-way ANOVA was carried 
out analyzing only the first and second temperature meas- 
urements. Again, all the main effects were significant but in 
this analysis the Handling x Time interaction was also signif- 
icant, F(1,44)=4.23, p<0.05. No other interactions were 
significant. Simple main effects revealed that the tempera- 
ture rose significantly from the first to the second measure- 
ment for the animals in groups not normally handled at this 
time, groups Light-Dark and Dark-Light, F(1,44)=11.11, 
p<0.005, but did not rise significantly for the animals in 
groups being handled at the normal time, groups Light-Light 
and Dark-Dark (F<1). 
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FIG. 2. Mean (+SEM) body temperatures of rats-in the four groups 
taken at 45 minute intervals either at 9:00 hr during the light part of 
the cycle or at 18:00 hr during the dark part of the cycle. 


DISCUSSION 


In the first experiment the conditioned handling effect 
was not evident during the light on Day 15. In this experi- 
ment both during the light and dark parts of the cycle animals 
handled at the normal time were warmer than animals han- 
dled at an unusual time. This supports the suggestion that in 
the first experiment there was insufficient conditioning be- 
fore the first test, on Day 15. Further support that the hyper- 
thermic effect of handlings can be learned is shown in the 
finding that only animals handled at an unusual time showed 
an increase in temperature from the first to the second tem- 
perature measurement. Animals handled at the normal time 
did not show this increase, suggesting it may have occurred 
prior to the first temperature measurement. 


GENERAL DISCUSSION 


Temperature increases can be conditioned to stimuli 
occurring in anticipation of events such as forced exercise 
[10], microwave radiation induced hyperthermia [2], or drug 
injections and rotarod measurement (a motor performance 
test) [17]. These studies subjected the rats to manipulations 
which in themselves had profound effects on body tempera- 
ture. Similar conditioned temperature changes have been 
seen using temperature changing drugs (see [4,8]). In the 
present experiments similar sized conditioned changes in 
body temperature could be seen in animals who were simply 
removed from their home cages, had their temperature 
measured, were weighed, and then returned to their cages. 


EIKELBOOM 


Animals handled at their usual time were hyperthermic rela- 
tive to animals not normally handled at that time. Tempera- 
ture of animals measured at a novel time was closer to that 
reported previously for that of unstressed animals [10,12]. The 
procedures used here are unaviodable in animal experiments 
and are generally not considered particularly stressful. The 
results of one of the preliminary experiments, where re- 
peated weighing alone resulted in a significant temperature- 
order correlation, suggests it is the handling itself which is 
the critical variable and that rectal temperature measurement 
is no more stressful then weighing. 

A comment should be made here about the behavior of 
these animals. Experienced animal workers ‘‘gentle’’ their 
animals by handling them several times prior to experiments. 
When rats are first handled they seem very upset and 
aroused by the procedure, but over a few trials they become 
more tranquil. Similar changes in the animals’ behavior were 
evident here. It was much easier to measure the temperature 
of the animal the second time than the first. This initial reac- 
tion of naive animals to any handling often includes strug- 
gling and vocalization which could be arousing to other 
animals. Thus, both the initial days and any test days which 
include handling of naive rats are characterized by increased 
amounts of vocalization. This could result in an increased 
general arousal, a factor which might reduce any group 
differences in these experiments, and may be partially re- 
sponsible for the lack of group difference on Day 15 in Ex- 
periment 1, a test which involved temperature measurements 
of naive animals. 

A second concern is the nature of the relation between the 
conditioned hyperthermia and the gentling procedure. From 
these experiments it can be seen that the two phenomena are 
separable. In both experiments there are groups which have 
equivalent handling experience, and seemed undisturbed by 
handling, yet the animals having their temperatures meas- 
ured at the normal time are hyperthermic relative to animals 
not usually handled at that time. 

The handling-induced increase in body temperature is 
known to decrease over days or weeks [3, 7, 16]. This could 
be due either to a decrease in the second temperature meas- 
urement or to an increase in the initial temperature. Data 
from the present experiments support both possibilities. On 
Day 15 of the first experiment, animals in the Naive group 
showed an elevated second temperature measurement rela- 
tive to both their initial temperature and that of normally 
handled rats, which exhibited no change in temperature over 
the three measurements. This suggests that for the animals 
normally being handled the temperature increasing effect of 
the initial temperature measurement had habituated; and, as 
initial temperatures were not significantly different in these 
three groups, it reflected a reduction in the second tempera- 
ture measurement. By way of contrast, in the second exper- 
iment, animals handled at an unusual time show an increase 
in temperature from the first to second measurement while 
animals normally handled do not (see Fig. 2). This rise, how- 
ever, only reduces the initial difference between the two 
groups, suggesting that in animals normally handled the 
hyperthermia has occurred earlier. Since the habituation of 
the temperature rise can occur prior to the development of 
the conditioned hyperthermia (Day 15, Experiment 1) it 
argues that these may be independent processes. Recent 
work suggests that the relation between non-noxious stres- 
sors and body temperature is a complex one and may 
produce either a rise or a fall in temperature depending on 
the particular procedure involved [16]. Further work looking 
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at the relation between the conditioned hyperthermic effect 
and effects of repeated handling is necessary. 

These effects of repeated handling suggest that studies of 
conditioned temperature changes using drugs should not 
only report temperature difference measurements. The use 
of difference scores may obscure changes in initial tempera- 
ture misrepresenting any learned drug effects. As the con- 
ditioned effect evident in the present experiments was a 
hyperthermia, studies reporting a conditioned increase in 
body temperature (most drug studies, see [4,8]) should be 
examined very carefully to see if such conditioning could not 
be due to the procedure used rather than the drugs adminis- 
tered. 

Finally, the question of the nature of this conditioned 
hyperthermia must be addressed. It is clear from the fact that 
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the effect is evident during both phases of the light-dark 
cycle that it is not simply due to waking of a sleeping animal: 
if anything, the effect seems strongest at night when the rat is 
most active. In work looking at emotional arousal and tem- 
perature regulation in rabbits, Franzini, Lenzi and Cianci [9] 
suggest the rise in temperature due to arousal is not a cohe- 
rent thermoregulatory response, that is, an elevation in a set 
point, but is due to changes in effectors for respiration and 
vasomotion which in turn result in temperature changes. The 
fact that minor differences in procedure in rat studies can 
produce profound differences in body temperature response 
[16] suggests that these temperature changes may also be 
secondary to other physiological responses. It might prove 
profitable therefore to do similar experiments with other 
physiological measures. 
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MARUNIAK, J. A., C. J. WYSOCKI AND J. A. TAYLOR. Mediation of male mouse urine marking and aggression by 
the vomeronasal organ. PHYSIOL BEHAV 37(4) 655-657, 1986.—The effects of vomeronasal organ removal (VNX) on 
male mouse urine marking and aggressive behaviors were investigated. In three different stimulus conditions VNX male 
marking rates were about half that of sham-operated males. Aggressive behavior was tested by pairing males with male- 
urine-swabbed castrate males. Only | of the 12 VNX males displayed normal levels of fighting behavior and 6 did not 
initiate any fights during the aggression tests. These results indicate that normal male aggressive and urine marking 
behaviors are dependent on the presence of an intact vomeronasal system for their expression. 


Vomeronasal organ Accessory olfactory system Mouse Aggression Marking Fighting 


THE vomeronasal organ has been shown to play a major role 
in mediating the behavioral and physiological responses of 
mice to conspecifics. Removal of the organ abolishes or 
dramatically reduces the expression of the following behav- 
iors: male ultrasonic vocalizations in response to female 
mouse odors [2,12]; male copulatory behavior [4]; and male 
fighting behavior [1,5]. A number of the physiological re- 
sponses of mice are also eliminated by removal of the vom- 
eronasal organ: male LH secretion in response to female 
urine [5]; acceleration of female puberty by males [7]; block 
of implantation in newly inseminated females by a strange 
male [3]; and the mutual inhibition of estrous cycling by 
grouped females [11]. 

Two recent studies reported different results on the ex- 
tent to which the fighting behavior of male mice is impaired 
by vomeronasal system lesions. After cutting the vom- 
eronasal nerves, Bean [1] recorded a dramatic reduction in 
intermale aggressive behavior. In contrast, Clancy et al. [4] 
reported that removal of the vomeronasal organ had variable 
effects on male aggressive behavior, with half of the males 
showing normal aggressive behavior. They found that organ 
removal also reduced male sexual behavior but did not affect 
urine marking behavior. The objective of the present study 
was to compare the urine marking and aggressive behaviors 
of intact male mice with that of males which had their vom- 
eronasal organs removed. 


METHOD 


The subjects were 28 CF-1 male mice purchased from 
Charles River at 23 days of age. At 26 days of age the vom- 
eronasal organs were removed from 15 of the males (VNX) 


and the other 13 underwent a sham procedure [12]. During 
surgery all animals were ear-clipped to code for surgical 
condition. Experimenters recording behavioral observations 
were naive about the surgical condition of the mice. At 30 
days of age the mice were individually housed in standard 
plastic mouse cages until used in this study. They were 
housed in a room with a 12:12 light:dark cycle and tempera- 
ture of 25+1°C, and given water and Tek Lad food ad lib. 
At 100 days of age each male was tested for urine marking 
behavior in the presence of three different stimuli on three 
consecutive nights. At 1900 (lights-off) on each night of the 
experiment, males were removed from their home cages and 
placed into one chamber of a urine marking test cage. The 
marking cages were 301015 cm bottomless enclosures 
which were divided into two equal-sized chambers by a 0.2 
cm wire mesh partition. These test cages were similar to 
those used in our previous urine marking studies and allowed 
unrestricted visual, auditory and olfactory communication 
between animals in the two chambers, but minimized physi- 
cal interactions [6, 8, 9]. Into the second or stimulus chamber 
was placed either nothing, an intact adult male mouse or an 
intact adult female mouse. On the first day one-third of the 
experimental males were tested in each stimulus condition. 
After three days all animals had been tested in all stimulus 
conditions. During tests the bottomless test cages were 
placed on the floor on clean sheets of Whatman No. 2 chro- 
matography paper. Experimental males were allowed to 
mark for 30 minutes and then were returned to their home 
cages. The papers were then removed and the urine marks 
thereon counted under u.v. light [6]. Statistical differences in 
marking rates between the VNX and Sham groups were de- 
tected by analysis of variance. Individual comparisons 
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FIG. 1. A comparison of urine marking rates of VNX males (vom- 
eronasal organs removed) with Control males (sham operated) in the 
presence of nothing (i.e., no other stimulus), an intact adult male or 
an intact adult female (n=12 for VNX group, 13 for Control group; 
p<0.01, ANOVA). 


Female 


within the two groups, of marking rates in the presence of the 
three different stimuli, were made using Duncan’s Multiple 
Range Test. 

Two weeks later the aggressive behavior of each of the 
males was determined. The test chambers were clean 
48x 48x24 cm polypropylene cages with 2 cm clean pine 
shavings covering the bottom. The males were paired for 10 
min in the chambers with a castrate male that had been 
swabbed with a *‘Q-tip’’ containing 0.1 ml of pooled, intact 
male urine. The intact male urine was collected and pooled 
from a group of adult donor males just prior to the experi- 
ment. Urine-swabbed castrate males were chosen as the 
stimulus animals because they elicit levels of aggression 
characteristic of normal males while exhibiting very little 
aggressive behavior themselves [10]. An additional advan- 
tage was that individuals could be coated with the same vol- 
ume of the same pooled urine. Finally, their use minimized 
the possibility that experimental males might display ag- 
gressive behavior simply because they were attacked and not 
because of aggression-eliciting cues emanating from the 
stimulus animals. Stimulus males were of the same strain as 
the experimental males and were castrated under pentobar- 
bital anesthesia a week prior to this experiment. The pairing 
of castrate and experimental males was random. During the 
10 min test the following data were collected: latency to first 
attack, individual initiating first attack, number of fights ini- 
tiated by each member of each pair, and which animal be- 
came dominant [10]. An attack was scored each time the 
observer judged that one male bit the other. When sustained 
attacks occurred with repeated biting, an attack was not 
scored until the previous attack ceased for at least 2 sec. A 
male was judged to be dominant after he attacked the other 
male at least 5 successive times without resistance and the 
other male fled and/or gave submissive squeals when at- 
tacked [10]. 

At the completion of testing, each male was killed by an 
overdose of pentobarbital, decapitated, and the heads fixed 
in 10% formalin. The brains were then removed and cryo- 
protected in 30% sucrose. Serial cryostat sections (40 4m) 
were collected on chrom-alum subbed slides and stained 
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with acidic-thionine. The accessory olfactory bulbs (AOB) of 
each animal were scrutinized for the presence of glomeruli, 
which normally degenerate, given sufficient time after surgi- 
cal removal of the vomeronasal organ. The presence of 
glomeruli in the AOB of 3 VNX males was interpreted to 
indicate incomplete removal of the vomeronasal organs and 
their data were deleted from the study. 


RESULTS 


Males in the VNX group marked at about half the rate of 
males in the Sham group (Fig. 1; ANOVA, p<0.01). There 
were no differences in the marking rates of VNX males tested 
in the 3 different stimulus conditions nor were there differ- 
ences for Sham males (ANOVA, Duncan’s Multiple Range 
Test, ps>0.01). 

Six of the 12 VNX males did not initiate any attacks dur- 
ing the fighting tests. All 13 Sham males initiated attacks 
during the test period. Because of this large number of non- 
fighters in the VNX group, the difference between the num- 
bers of fighters in the 2 groups was analyzed by Chi-square 
which revealed significance at the 0.01 level. In the 12 VNX 
vs. Castrate pairs, 1 VNX male became dominant, 5 Castrate 
males became dominant, and in 6 pairs no winner could be 
determined because of insufficient aggressive interactions. 
In contrast, in the 13 Sham vs. Castrate pairs, 12 Sham males 
became dominant and one Castrate male became dominant. 
Because of the large number of non-fighters in the VNX 
group, the latency to first attack data were not statistically 
analyzed. Nonetheless, for the 6 VNX males that did fight, 
the latency to first attack was 3.9+0.7 sec compared to 
1.6+0.3 sec for Sham males. VNX males that fought aver- 
aged 1.0+0.5 fights/min compared to 3.0+0.3 fights/min for 
the Sham males. 


DISCUSSION 


VNX male mice had much lower urine marking rates 
(122-140 marks/30 min) than Sham males (259-312 marks/30 
min; p<0.01). Reductions in marking rates of this magnitude 
have been reported for males rendered anosmic by zinc sul- 
fate perfusion of the nasal cavity [9]. In that study zinc sul- 
fate was perfused through the external nares, but no histol- 
ogy on the vomeronasal organs or AOBs was conducted. It is 
therefore possible that zinc sulfate inflicted damage to the 
vomeronasal, as well as the olfactory, epithelia. For these 
reasons nothing definitive can be said about the relative con- 
tributions of the two systems to marking behavior. Similar 
reductions in marking rates also have been found when 
males are repeatedly tested in the same stimulus condition 
[8]. Under such conditions the marking rate declines 50% 
after 2-3 tests. Introduction of a novel stimulus into the test 
cage will elevate the marking rate to pre-habituation levels. 
This suggests that in the present study VNX males may have 
been marking at low levels because they were unable to per- 
ceive the novelty of either the test cage or stimulus animals. 

These data for urine marking contrast sharply with the 
recent report by Clancy ef al. [4] that removal of the vom- 
eronasal organ had no effect on male mouse urine marking 
behavior. A number of methodological differences between 
that study and the present one may account for the discrep- 
ancy. The males used in that study were: (1) sex- 
experienced; (2) implanted with atrial cannulas; (3) tested 
during the light phase vs. at lights-off for ours; (4) tested for 
20 min vs. 30 min for ours; (5) tested in a cage that was 
similar to their home cage, while our test and home cages 
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were very different. Many of these same methodological 
differences may also account for the differing results ob- 
tained by Bean [1] and Clancy et al. [4] that were reviewed in 
our introduction. In any case the present data clearly indi- 
cate a major role for the accessory olfactory system in the 
mediation of male mouse urine marking behavior. 

Tests of the aggressive behavior of VNX and Sham males 
against male-urine-swabbed castrates revealed a dramatic 
difference between the 2 groups. Only 1 of the 12 VNX males 
displayed a normal level of aggressive behavior (3.5 fights/ 
min compared to a mean of 3.0+0.3 for Sham males) while 
the rest showed little or no aggressive behavior. In fact 6 
VNX males did not initiate any fights during the aggression 
tests. The average urine marking rate of the one normally 
aggressive VNX male for all stimuli was 204 marks/30 min. 
Thus, while his fighting behavior was within the range for 
normal males, his urine marking rate was lower (see Fig. 1). 

The fighting data from the present study are more similar 


657 


to those reported by Bean [1] than to those of Clancy er al. 
[4]. Bean found no normal fighting behavior in his males with 
vomeronasal nerve cuts while Clancy et a/. reported that half 
of their VNX animals fought normally. As stated above, only 
one of the VNX males in the present study exhibited normal 
fighting behavior. 

In summary, the results of this study suggest that normal 
male aggressive and urine marking behaviors are dependent 
on the presence of an intact vomeronasal system for their 
expression. Whether the levels of these behaviors exhibited 
after removal of the vomeronasal organ are influenced by 
experience prior to deafferentation remains to be deter- 
mined. 
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LEE, E. H. Y.,M.J. TSAI ANDC. Y. CHAI. Stress selectively influences center region activity of mice in an open field. 
PHYSIOL BEHAV 37(4) 659-662, 1986.—Effects of immobilization and footshock stress on locomotor activity in different 
areas of an open field were examined in mice. Center region activity, peripheral region activity and total activity were used 
as measurement indices. These results indicate that both immobilization and footshock stress significantly increased total 
activity across 24 min of behavioral testing. Further analyses revealed that the difference in total activity between the 
experimental and control groups were mainly attributal to an increase in center region activity. Both stress manipulations 
markedly augmented peripheral region activity for only the first 6 min. More important, when the proportion of center to 
peripheral activity was used as an index, both experimental groups manifested an inverted U shape relationship with the 
maximum effect occurring between 13-18 min of behavioral testing. Similarities of these activity measures in response to 
different stressors suggests that common neurochemical and/or neurohormonal mechanisms may mediate these behavioral 


changes. 
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WHILE various stress manipulations have been demon- 
strated to elevate animal's motor activity in a number of be- 
havioral paradigms [3, 4, 6], opposite results have also been 
reported [2] with different experimental designs [5]. How- 
ever, when using locomotor activity as a gross measure, 
most studies have not characterized whether locomotion was 
confined to certain areas or was evenly distributed to every 
region in an open arena. In a recent study Roth and Katz [9] 
have reported that light and noise stress facilitated total ac- 
tivity and center field penetration in rats for the first 3 min of 
behavioral observation, while effects of the same stress upon 
motor activity in the outside squares of an open field were 
not significant. 

To further characterize the nature of this stress-induced- 
activity, we also used the open field behavioral paradigm [7] 
to study the effects of two other different stressors, im- 
mobilization and footshock stress. Total activity, center and 
peripheral region activity, and the proportion of center to 
peripheral activity was measured across a 24 min session in 
mice. Results indicate that both immobilization and foot- 
shock stress preferentially elevated center field activity as 
well as the proportion of center to peripheral activity. Com- 
mon neurochemical and/or neurohormonal mechanisms 
might be involved in both stress manipulations. 


METHOD 
Subject 
Forty-eight male BALB/c mice were used in the present 


study. Upon receipt from the supplier (Animal Resource 
Center, Tri-service General Hospital, Taiwan, The Republic 
of China), the animals were housed in groups of four mice 
each in a temperature-regulated (25+2°C) animal room on a 
12 hr light/dark cycle with food and water continuously 
available. The animals were kept for at least seven days 
before experimentation. 


Apparatus 


The locomotor activity was monitored in two separate 
open field devices as described previously [7]. Briefly, each 
open field was 18 in. in diameter, with a stainless steel wall 
15 in. high measured from the perimeter floor. A 4x4 per- 
pendicular array of infrared photobeams ‘/s in. above the 
floor was used to localize the animal's floor position. This 
activity system (Scientific and Professional Support Group, 
CA) is based on a reliable counter/control unit which is 
uniquely programmed for separate counting of activity in the 
central and peripheral areas. Therefore, for each field, 3 
separate counts; central, peripheral and total; were accumu- 
lated. Central counts were accumulated as the subject 
moved inside the boundary of the square where the outer 
beams intersected; whereas peripheral counts were accumu- 
lated as the subject moved on or outside this boundary. The 
total was the sum of the central and peripheral counts. 


Procedure 


Animals were brought to the laboratory for a minimum of 





—s— cont. total 
———@-==- @ont. per. 
——*——. immob. total 


Activity count 








—*e— control 


——*——. immob. stress 


Central/Peripheral 








12 18 


b Time (Min) 


FIG. 1. (a) One hour immobilization stress significantly elevated 
total activity but not peripheral region activity except at 6 min. (b) 
One hour immobilization stress markedly increased center region 
activity and the proportion of center to peripheral activity. 
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FIG. 2. (a) Footshock stress significantly augmented total activity 
but not peripheral region activity except at 6 min. (b) Footshock 
stress markedly elevated center region activity and the proportion of 
center to peripheral activity. 





STRESS AND ACTIVITY 


1 hr before behavioral testing. The number of cumulative 
response was recorded every 6 min for a total of 24 min. All 
behavioral testings were performed in the light phase of the 
diurnal cycle. For the first experiment, 28 mice were 
matched and assigned to two groups of 14 mice each accord- 
ing to an initial 5-min test for their baseline activity levels. 
Animals in the experimental group were subjected to the 
immobilization stress for an hour during which animals were 
restrained in a cylindrical wiring mesh. Control animals 
stayed in their home cage. For the second experiment, 20 
mice were also matched and divided into two equal groups. 
Animals in the experimental group received footshocks de- 
livered at 2 mA (square wave current), 250 msec duration for 
a total period of 15 min. The inter-stimulus interval was vari- 
able but with an average of 5 sec. Animals in the control 
group were also placed in the same device for 15 min but no 
electric current was delivered. After the immobilization and 
footshock stress, animals were put back to their home cage 
for 1 min before behavioral testing. 


Statistics 


The total activity, center and peripheral activity as well as 
the ratio of center over peripheral activity were all analyzed 
using separate sets of a two-way mixed design analysis of 
variance (ANOVA). In this analysis, ‘“‘group’’ is the 
between-subjects variable and ‘‘time’’ is the repeated meas- 
ure. Specific comparisons between the experimental and the 
control groups at different time points were made with the 
Dunnett’s method [10] in all analyses. 


RESULTS 


Effects of immobilization and footshock stress on activity 


level are shown in Figs. 1 and 2, respectively. Figure 1 (a) 
reveals a significant main effect of immobilization stress, 
F(1,26)=4.95, p<0.05, and a significant stress-by-time inter- 
action effect, F(3,78)=15.49, p<0.01, on total activity. Ef- 
fects of immobilization stress on peripheral region activity 
was significant only during the first 6 min, tD(2,26)=7.91, 
p<0.01. As shown in Fig. 1 (b), further analyses indicated 
that the difference in total activity was mainly attributed to 
the difference of center region activity between the experi- 
mental and the control groups, F(1,26)=11.55, p<0.01. In 
addition, immobilization stress also markedly elevated the 
proportion of center to peripheral activity, F(1,26)=4.94, 
p<0.05, with the maximum effect observed at 12-18 min of 
the behavioral test period. 

Similarly, Fig. 2 (a) reveals that footshock stress also 
significantly augmented total activity in mice, F(1,18)=7.43, 
p<0.05. The stress-by-time interaction effect was also signif- 
icant, F(3,54)=7.96, p<0.01. As the results in experiment | 
indicate, footshock stress increased peripheral region activ- 
ity for the first 6 min only, tD(2,18)=4.6, p><0.01. Similar to 
the immobilization stress, Fig. 2 (b) reveals that footshock 
stress also markedly increased center region activity, 
F(1,18)= 15.38, p<0.01, as well as the proportion of center to 
peripheral field activity, F(1,18)=5.28, p<0.05. Further- 
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more, the control animals exhibited a gradual increase of 
locomotion in the center area of the open field toward the 
end of behavioral testing, while the stressed animals man- 
ifested an inverted U shape relationship between the ratio of 
activity and testing time with the maximum effect observed 
during the 12-18 min period. 


DISCUSSION 


Our results are consistent with most other reports show- 
ing that stress increases locomotor activity in animals. They 
are also congruent with the finding of Roth and Katz that 
stress selectively augmented animal's center field penetra- 
tion in an open field [9]. In addition, with extension of the 
methodology and modification of the time course, we have 
further found that immobilization and footshock stress- 
induced elevation of center region activity was significant 
throughout the behavioral testing. However, effects of both 
stress manipulations upon locomotor activity in the peripheral 
area was evident only for the first 6 min. More interesting, in 
both experiments the curve of center over peripheral activity in 
stressed groups across testing time manifested an inverted U 
shape with the peak occurring during the 12-18 min period. 
We have also examined the effects of immobilization stress 
for 3 hr on these activity measures and have found similar 
results except that the effects were more profound and the 
difference of the proportion of center to peripheral activity 
between experimental and control groups still existed at the 
end of behavioral testing (unpublished observations). 

A closer examination of the present results further indi- 
cates that control animals travelled most in the peripheral 
area after first entering the open field, probably due to the 
fear reaction. Locomotion in the center region gradually in- 
creased after they become familiar with the environment, as 
indicated by the proportion of center to peripheral activity in 
both experiments. According to the two-factor theory of 
Montgomery [8], exploration is the outcome of curiosity and 
fear/anxiety evoked by the novel stimuli in an open field. 
Thus, entering and exploring the center region following 
stress manipulation probably reflects a reduction of the state 
of fear. This suggestion is consistent with reports showing 
facilitation of motor activity and other behavioral measures 
in an open field by shock, noise and vibration stress [1,3]. 
Together with the findings of Roth and Katz [9], the present 
results suggest that elevations of center region activity and 
center over peripheral locomotor activity are not the results 
of a specific stress manipulation. The neurochemical and 
neurohormonal mechanisms underlying these behavioral 
changes are currently under investigation. 
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SMOTHERMAN, W. P. ANDS. R. ROBINSON. A method for endoscopic visualization of rat fetuses in situ. PHYSIOL 
BEHAV 37(4) 663-665, 1986.—A procedure enabling the direct endoscopic examination of rat fetuses in utero without the 


need for surgical externalization of the uterus is described. 


Endoscopy Rat fetus Fetal behavior 


IN the past five years several reports have appeared describ- 
ing alternative methods for manipulating the uterine en- 
vironment [2,11] and observing the behavior of rat fetuses in 
utero [5, 7, 9]. A procedural commonality in all studies em- 
ploying direct observation of fetuses is the necessity to ex- 
ternalize the uterus of the pregnant rat in order to gain visual 
access to subject fetuses. In contrast, studies of the behavior 
of human fetuses have relied on maternal reports or remote 
sensing (e.g., tocodynamometry, real time ultrasonography) 
to monitor fetal activity within the mother’s abdomen [1, 3, 
6]. In this report, we describe the use of an endoscopic opti- 
cal instrument that permits direct visualization of rat fetuses 
without externalization of the uterus. 


DESCRIPTION OF ENDOSCOPE 


The optical instrument used to visualize fetuses is an 
endoscope designed for use in arthroscopic surgery. The 
basic endoscopic system consists of a telescope, light 
source, and fiber optic cable (catalogue No. 7200B, Karl 
Storz Endoscopy-America, Inc., Culver City, CA, total 
price =$2700). The scope is mounted in a protective external 
sheath, resulting in a device 180 mm long and 5 mm in diame- 
ter that provides a wide-angle view with virtually unlimited 
depth of field. The sheath can also admit a variety of man- 
ipulative surgical instruments (e.g., forceps, scissors, 
probes, scalpels, cannulae) available at extra cost. While 
somewhat expensive ($10000-$12500), miniature endovideo 
cameras are available (Circon, Santa Barbara, CA) that at- 
tach to the ocular of the endoscope and interface with stand- 
ard video recording and monitoring equipment, permitting 
creation and playback of permanent behavioral records. 


Prenatal surgery 


SURGICAL PROCEDURE 


These procedures are suitable for pregnant Sprague- 
Dawley rats weighing 300-400 g. Under ether anesthesia, the 
pregnant rat is prepared using a reversible spinal anesthetic 
procedure involving injection of 10 ul lidocaine (Duracaine, 
Burns Veterinary Supply, Oakland, CA) with 0.001% epi- 
nephrine (Elkins-Sinn, Inc., Cherry Hill, NJ) into the spinal 
cord at the LI-L2 level. This procedure eliminates trans- 
mission of nervous impulses from the abdomen and 
hindlimbs for a period of 60-90 min [9]. Following spinal 
preparation, the female is placed in a Plexiglas holding appa- 
ratus and allowed to fully recover from the effects of ether 
administration (15 min). The holding apparatus maintains the 
head and body of the female elevated 45° above horizontal. 

The abdomen is shaved and a small laparotomy, about 5 
mm in length, is performed 10-20 mm to one side of the 
midline. The incision is situated on the side of the abdomen 
opposite the subject fetus (i.e., incision on the right side for 
observation of a fetus on the left). The endoscope, within its 
sheath, is then inserted through this incision; Fig. | depicts 
the layout of the endoscopic system during use. The 
endoscope is hand-held by the observer and manipulated to 
provide optimum visualization of the subject fetus. A lateral 
orientation of the endoscope is useful in allowing the tip of 
the scope to distend the abdominal wall, increasing the dis- 
tance between the scope and the subject fetus and thereby 
expanding the field of view. The endoscope can then be ro- 
tated and/or the placement of the tip adjusted to provide a 
view of the fetus through the semi-transparent wall of the 
uterus. Following endoscopic examination, the abdominal 
incision can be closed with a single suture or stainless steel 
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FIG. 1. The basic endoscopic system (top) consists of a slender endoscope with eyepiece, protective 
sheath, external light source, and fiber optic cable. In use (bottom), an observer holds the endoscope 
within its sheath, which is inserted through a small abdominal incision and its orientation adjusted by 
hand to permit optimum visualization of a subject fetus. 


wound clip. Fetuses observed under these conditions are 
carried to term and delivered normally. 


APPLICATION OF ENDOSCOPY 


Rat fetuses begin to exhibit spontaneous movement by 
Day 16 of gestation (Day 0 is the date of first detectable 
sperm in a vaginal smear) [4,8]. On gestational days 16-18 
fetuses are small enough to be completely visualized through 
the endoscope. However, at these ages the wall of the uterus 
is not greatly distended and fetuses are surrounded by a 
relatively large volume of amniotic fluid. While these condi- 
tions permit observation of instances of fetal activity, 
movements of individual body parts as well as synchronous 


movements involving two or more body parts are not always 
discernible. On gestational day 19 through term, conditions 
are nearly reversed. Fetal body growth has increased to the 
point that an entire fetus cannot be visualized within the field 
of the endoscope. However, the uterus is distended and the 
volume of amniotic fluid diminished sufficiently that consid- 
erable detail can be viewed through the uterine wall. Indi- 
vidual categories of fetal behavior can be identified (e.g., 
movements of head, mouth, foreleg, hindleg, and body 
trunk), although combinations of these movements may es- 
cape notice. 

The age-related limitations of endoscopic observation do 
not preclude quantitative description of fetal behavior. At 
earlier ages, endoscopy is adequate to provide measures of 
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overall activity and temporal patterning of behavior that 
permit detailed comparison with other behavioral data col- 
lected under alternative methodologies. At later ages, 
endoscopic observations that focus on target patterns of 
movement enable comparison of behavioral repertoire and 
individual category frequencies. Preliminary observations 
using this technique indicate that rat fetuses within the 
mother’s abdomen exhibit a repertoire apparently as diverse 
as that of fetuses observed following externalization of the 
uterus. 

At its present stage of development, the endoscopic vis- 
ualization procedure probably does not provide the flexibil- 
ity afforded by uterine externalization for direct, detailed 
observation of behavior and precise manipulation of the 
intrauterine environment. Nevertheless, endoscopic visu- 
alization will be useful for validating behavioral data col- 
lected following more invasive preparations (e.g., following 
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externalization of the uterine horn). More important, we be- 
lieve it will also enable longitudinal study of the behavior of 
individuals both before and after birth. Several aspects of 
spontaneous fetal behavior and sensory development appear 
to exhibit continuity with postnatal behavior. Further, pro- 
longed alteration of fetal activity has been posited as a con- 
tributing factor in physical and behavioral teratogenesis [10]. 
Endoscopic visualization, in conjunction with reversible 
preparation of the pregnant female, will permit within- 
individual correlation of prenatal activity with postnatal 
morphology and behavior. 
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Editorial 


The introduction of the new Software Survey Section to 
Physiology & Behavior is to encourage the open exchange of 
information on software programs unique to our professional 
field. With the rapid penetration of computers into academic 
and industrial institutions has come a parallel increase in the 
number of scientists and researchers designing their own 
software. The existence of much of this software remains 
unknown to even those of us who could most benefit from its 
use. We believe that it is of vital importance to our readers 
that such information be made available. We believe also 
that a professional journal is the best place to share such 
information. Your contribution would be most welcome. 

The questionnaire on the following page is designed to 
assist you in reporting on software that you may have devel- 
oped or be in the process of developing. By completing this 
form, your information will reach thousands of your col- 
leagues who may benefit from your work and may possibly 
offer suggestions for further enhancements to your software. 
Please complete the enclosed form and return it to: 


Dr. Matthew J. Wayner 

Division of Life Sciences 

The University of Texas at San Antonio 
San Antonio, Texas 78285 


We do not intend to review or comment on the contents of 
the questionnaire. It will be published as is, in the next avail- 
able issue, in order to expedite the information cycle proc- 
ess. I would welcome any comments you may have. 
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SOFTWARE DESCRIPTION FORM 


Title of Software Package: 











Itis:[ ] Application Program [ ] Utility [ ] Other 
Specific Area: (e.g., Thermodynamics, Inventory Control) 
Software developed for [name of computer(s)] 
in [language(s)] to run under [operating system] 
and is available in the following media: 

















{ ] Floppy Disk/Diskette Specify: 
Size Density [ ] Single siding [ ] Dual siding 
[ ] Magnetic Tape Specify: 
Size Density Character set 
Distributed by: 
Minimum Hardware Configuration Required: 
Required Memory: 
User Training Required: [ ] Yes [ ] No 
Documentation: 
[ ] None [ ] Minimal [ ]Self-documention [ |] Extensive External Documentation 
Source Code Available: [ |] Yes [ ]No 
Level of Development: 
{ ] Design Complete [ ] Coding Complete { ] Fully Operational 
[ ] Collaboration would be welcomed 
ls software being used currently? [ ] Yes [ ]No 
If yes, how long? 
If yes, how many sites? 
Contributor is available for user inquiries? [ ] Yes [ ]No 
Description of what Software does [200 words]: 














Potential Users: 
Fields of Interest: 
Name of Contributor: 
institution: 
Address: 




















Telephone Number: 
Reference number [Assigned by Journal Editor] 
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WEINBERG, J. AND R. WONG. Adrenocortical responsiveness to novelty in the hamster. PHYSIOL BEHAV 37(5) 
669-672, 1986.—The adrenocortical response to increasing periods of exposure to a novel cage, as well as the effects of 
returning hamsters to their familiar home cages, were examined. We found that a five min exposure to a novel cage was 
insufficient to activate the pituitary-adrenal system, but that cortisol levels increased significantly as duration of exposure 
increased from 15 to 30 min. In contrast, returning hamsters to their home cages for at least 15 min following the 15 min 
novel cage exposure produced a significant drop in plasma levels of cortisol. Finally we found that males exhibit a greater 
cortisol response to novelty than females, indicating a sexual dimorphism which is the reverse of that reported in other 


rodents. 


Cortisol Novelty Hamster 


Psychological stress 


Pituitary-adrenal system 





PLACING naive laboratory rats or mice into a novel cage or 
apparatus produces a rapid and significant increase in plasma 
corticosterone levels [4, 11, 14, 17, 23]. Both the duration of 
exposure [3] and the degree of novelty or unfamiliarity of the 
test cage (i.e., discrepancy between test cage and home 
cage) [16,17] have been shown to influence the magnitude of 
the corticoid response which occurs. 

In a previous study [32] we demonstrated that a 30 min 
exposure to a novel cage significantly elevates plasma levels 
of cortisol in the hamster. The present experiments were 
designed to investigate further adrenocortical responsive- 
ness to novelty in this species. This was of particular interest 
to us because hamsters are known to differ from rats in both 
their internal regulatory systems [9, 24, 25, 27] and in several 
aspects of pituitary-adrenal function. Cortisol rather than 
corticosterone is the principal adrenocortical secretory 
product of the hamster, although a small amount of cortico- 
sterone is produced [10]. Moreover, the secretion rate of 
corticoids in the hamster is the lowest of any animal reported 
in the literature [26]. In addition, sexual dimorphism of the 
hamster’s pituitary-adrenal system is the reverse of that 
found in most other rodents. For example, adrenals of male 
hamsters are larger than those of females [18], and males 
have higher concentrations of plasma cortisol, greater hepa- 
tic metabolism in vitro, and a shorter biological half life of 
cortisol than females [12,13]. In view of this unusual sexual 
dimorphism [19], the first experiment was designed to exam- 
ine sex differences in the hamsters’ adrenocortical response 
to short (5 min) vs. long (25 min) periods of exposure in a 
novel cage. 





EXPERIMENT |! 
Method 


Male (n=40) and female (n=39) random bred hamsters of 
the HOFRI strain, were obtained from High Oak Ranch, 
Goodwood, Ontario. They were housed in standard wire 
mesh cages, 18x24 18 cm, in a temperature controlled col- 
ony room, with lights on at 0800 and off at 2000 hr. These 
animals had been tested in a previous experiment to examine 
consummatory behavior and adrenocortical activity [32]. 
Three weeks elapsed between that experiment and the pres- 
ent one so that effects of prior blood sampling were elimi- 
nated [34]. 

Animals were randomly assigned to either the 5 min or the 
25 min group. On the test day hamsters were removed from 
their home cages and placed into an empty polyethylene 
cage, 12x27x17 cm, with a wire grid top. This cage is the 
same as that used in the novelty condition in the previous 
study [32]. Following either 5 or 25 min exposure to the cage, 
the animals were returned to their home cages to await blood 
sampling which occurred either 30 or 60 min after the start of 
the test session. Food and water were removed from the home 
cage prior to returning the animals so that no consummatory 
response was possible before sampling occurred. 

Blood sampling took place in a laboratory adjacent to the 
colony room. Each animal was carried in its home cage to 
the adjacent room where it was quickly anesthetized with 
ethyl ether. Blood (0.5 cc) was then collected by cardiac 
puncture in a heparinized syringe. The sample was obtained 
within 2 min after we entered the colony room, a sufficiently 
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FIG. 1. Plamsa cortisol levels in males and females exposed to a 
novel cage for 5 or 25 min; blood samples obtained 30 or 60 min from 
the start of testing. 


short period of time to obtain a reliable estimate of plasma 
corticoids at the time of sampling without any effects of dis- 
turbance or etherization [8]. Samples were then centrifuged 
at 2000 rpm, and plasma was separated and frozen until as- 
sayed by radioimmunoassay (Gamma Cote I’* Radioim- 
munoassay Kit), in the Clinical Chemistry Laboratory, 
Shaughnessy Hospital. Blood samples from the present 
study were assayed at the same time as samples from the 
previous study in which these hamsters were tested [32]. 

Data in this and the following experiment were analyzed 
by appropriate f-tests or by analyses of variance (ANOVA), 
followed by tests for simple interactions/simple main effects 
and Newman-Keuls paired comparisons [33]. 


Results 


The ANOVA of cortisol output revealed a significant 
3-way interaction among sex, duration of exposure, and 
sampling time, F(1,71)=5.84, p<0.05, (Fig. 1). At 30 min 
from the start of testing plasma cortisol levels were signifi- 
cantly more elevated in both males and females exposed to 
the novel cage for 25 min than in those exposed to the novel 
cage for 5 min (ps<0.01). In addition, corticoids were higher 
in males than in females at this time (p<0.01). At 60 min from 
the start of testing, males in the 25 min group showed a 
significant corticoid decrease (p<0.01), while females in the 
25 min group showed no significant change in corticoids and 
remained significantly elevated over females in the 5 min 
group (p<0.05). Males and females in the 5 min group were 
similar to each other in their response, and showed no 
change in cortisol output from 30 to 60 min. Indeed, 5 min 
exposure to the novel cage produced no increase over basal 
levels measured in these same animals 3 weeks earlier (mean 
for males=0.80+0.11, mean for females=0.96+0. 16 wg/100 ml. 
(Basal samples were obtained within 2 min after animals 
were removed from the colony room. These hamsters had 
not received any prior testing nor were they disturbed before 
sampling. A comparison of the present data with basal values 
obtained previously from the same animals [32] is appropri- 
ate based on data from rats indicating that basal corticoid 
levels do not change significantly over weeks [8].) 
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FIG. 2. Plasma cortisol (mean+S.E.M.) response to novel cage (A) 
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(6) 15 min novelty and 15 min in home cage. 





EXPERIMENT 2 


The sex difference in corticoid responsiveness observed 
in hamsters in the 25 min group is the reverse of that typi- 
cally found in rats and mice in which females exhibit a 
greater corticoid response than males [19]. This finding sup- 
ports the reverse sexual dimorphism observed in hamsters 
with respect to body weight, adrenal weight, and adrenal 
activity [12]. However, the finding that 5 min exposure to 
novelty produced no increase in corticoid levels was unex- 
pected, since exposures as brief as 5 sec or 3 min have been 
shown to be an effective stimulus for adrenocortical activa- 
tion in rats [1, 3, 5]. For hamsters, 5 min exposure to novelty 
might be an insufficient stimulus to elevate cortisol levels. 
Alternatively, it is possible that corticoid activation did 
occur following 5 min in the novel cage, but that pituitary- 
adrenal activity was reduced following placement back into 
the home cage for 25 min prior to sampling. To examine 
these possibilities hamsters were exposed to a novel cage for 
varying intervals (5, 15 or 30 min), and plasma cortisol was 
measured immediately upon removal from the cage to de- 
termine the minimum duration of exposure which would in- 
duce a cortisol elevation. In addition, cortisol was measured 
in animals returned to their home cages for varying intervals 
following placement in the novel cage to assess the impact of 
home cage cues. Because males appeared to be more re- 
sponsive to novelty than females, only males were tested in 
this experiment. 


Method 


Sixty-four male hamsters were subjects in this experi- 
ment. These animals had been tested previously in a similar 
novel cage [32]; 3 weeks elapsed between that experiment 
and the present one. Hamsters were housed as in Experi- 
ment 1, and all animals were handled briefly once daily for 1 
week prior to testing. 

All testing took place between 0900 and 1200 hr on two 
consecutive days, and animals were randomly assigned to 
one of the 6 test conditions (as described below). 





CORTISOL AND NOVELTY 


On day 1 of testing hamsters were taken from their home 
cages and placed into an empty polyethylene cage, 
12x27x17 cm with a wire grid lid. Duration of exposure to 
the novel cage was 5, 15 or 30 min (Groups 1, 2, and 3 
respectively, n=11 per group). Blood samples were obtained 
from each animal by cardiac puncture (as described in Ex- 
periment 1) immediately upon removal from the novel cage. 

On day 2 of testing, the remaining animals were tested in 
one of the following conditions—Group 4: 5 min in novel 
cage, returned to home cage and blood sample obtained 10 
min later, n=10; Group 5: 5 min in novel cage, returned to 
home cage and blood sample obtained 30 min later (i.e., 
similar to the 5 min exposure condition of Experiment 1), 
n=11; Group 6: 15 min in novel cage, returned to home cage 
and blood sample obtained 15 min later, n=10. 


Results 


Increasing durations of exposure to novelty produced in- 
creasing levels of cortisol, F(2,30)=6.76, p<0.01, Fig. 2A. 
Cortisol levels of animals in the 30 min group were signifi- 
cantly elevated over those of animals in the 15 min group 
which in turn were elevated over those of animals in the 5 
min group (ps<0.05). 

Cortisol levels in the 3 groups of animals which were 
returned to their home cages prior to blood sampling did not 
differ from each other, F(2,28)=0.99, p>0.10, nor from basal 
or resting levels (mean=1.07+0.10 yg/100 ml) measured 
previously in these same animals, Fig. 2B. A comparison of 
animals sampled immediately after 5 min in the novel cage 
with animals returned to their home cages for 10 min (Groups 
1 and 4, respectively) also indicated that these 2 groups did 
not differ from each other, t,,=0.42, p>0.10. However, a 
comparison of animals sampled immediately after 15 min in 
the novel cage with animals returned to their home cages for 
15 min (Groups 2 and 6, respectively) indicated that return- 
ing animals to their home cages for 15 min reduced the cor- 
tisol response to novelty, f,g=2.86, p<0.05. 


GENERAL DISCUSSION 


The results of these two experiments present three inter- 
esting findings: (1) Novelty is a psychological stressor for the 
hamster as it is for other rodents and for other species includ- 
ing man [11, 15, 16, 17, 22] in that exposure to a novel en- 
vironment reliably produces marked adrenocortical activa- 
tion; (2) Returning hamsters to their home cages for at least 
15 min after exposure to a novel cage results in a significant 
drop in plasma levels of cortisol; (3) Males exhibit a greater 
cortisol response to a novel cage than females, indicating a 
sexual dimorphism which is the reverse of that reported in 
other rodents (e.g., [28,29]). 

The sex difference in the hamster’s cortisol response to 
novelty observed in Experiment | is consistent with the re- 
verse sexual dimorphism in body weight, adrenal weight and 
adrenal activity reported in this species [12], and extends 
these findings to psychological stressors. These data support 
the suggestion [13] that the mechanisms of action of gonadal 
hormones on the hypothalamo-pituitary-adrenal (HPA) axis 
differ in hamsters and rats. The importance of the differential 
drop in cortisol observed in males and females between 30 
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and 60 min post stress, cannot be determined at present. 
Further experiments, including a more extended time 
course, are needed to assess whether this differential drop 
represents a sex difference in rate of recovery to basal levels 
following novelty stress. 

The finding that hamsters showed increasing plasma 
levels of cortisol as duration of exposure to the novel cage 
increased from 15 to 30 min suggests that the adrenocortical 
response of the hamster can sensitively reflect differences in 
intensity (duration) of psychological stimulation to which it 
is exposed. In contrast to the rat, however, a 5 min exposure 
to novelty appears to be an insufficient stimulus for 
pituitary-adrenal activation in the hamster. A possible in- 
terpretation of the data from Experiment | is that a cortisol 
increase had indeed occurred after the 5 min exposure but 
that values had returned to basal levels by the time blood 
samples were taken at 30 min. However, when blood sam- 
ples were obtained in Experiment 2 both immediately follow- 
ing the 5 min trial and 10 min later (the time when a maximal 
corticoid increase is typically observed in rats [2, 3, 5, 11]), 
no significant cortisol increase was found at either time. Al- 
though the possibility still remains that a cortisol elevation 
might have been observed within 5 min after the 5 min expo- 
sure, we consider such a possibility unlikely. 

The most important finding of this study is that returning 
hamsters to their home cages for at least 15 min following the 
15 min novel cage exposure produces a significant and rapid 
drop in plasma levels of cortisol. Once again, this contrasts 
with data on rats in which return to the home cage has no 
effect on the adrenocortical response to novelty (e.g., 
{30,31]). The mechanism of this cortisol decrease cannot be 
determined at present. While there is some controversy as to 
the biological half life of cortisol in male hamsters (values as 
high as 39 min [10] or as low are 8-9 min [12] have been 
reported), the cortisol drop observed here appears to be too 
rapid to be accounted for entirely by half life alone, unless 
adrenal secretion were shut down immediately upon return- 
ing animals to their home cages. One would not ordinarily 
expect an immediate shut down of adrenal secretion upon 
removal from the novel cage since plasma ACTH levels 
should be high in these animals following 15 min of continu- 
ous pituitary-adrenal activation. We hypothesize that for the 
hamster positive or reinforcing cues associated with the 
home cage may actively inhibit adrenocortical activity, thus 
contributing to the rapid decrease in cortisol which was ob- 
served. Previous studies on rats (e.g., [6, 7, 20, 21]) as well 
as Our own previous work in hamsters [32] clearly indicate 
that psychological variables are particularly important in re- 
ducing or inhibiting adrenocortical activity following stress, 
and provide support for this hypothesis. 
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THORNTON, S. N. The influence of intracerebroventricular infusions on osmotically induced urine excretion in the 
pigeon (Columba livia). PHYSIOL BEHAV 37(5) 673-679, 1986.—This study deals with the influence of intracerebroven- 
tricular (ICV) infusions on urine volume and electrolyte excretion in response to a peripherally administered osmotic load 
in conscious behaving pigeons. The ICV infusions were intended to influence the cerebrospinal fluid (CSF) sodium (Na*) 
concentration that would have been increased by the hypertonic NaCl or sucrose solutions infused intravenously (IV). 
Urine and electrolyte excretion following IV infusion of 0.5 M NaCl were enhanced by simultaneous ICV infusion of 0.3 M 
NaCl and essentially unchanged by ICV infusions of 0.3 M or 0.9 M sucrose, or water. Infusions (ICV) of water, isotonic 
and hypertonic NaCl or sucrose did not significantly influence urine and electrolyte excretions following IV infusion of 1.0 
M NaCl or sucrose (except K* in the case of ICV/IV sucrose). Isotonic (0.3 M) or hypertonic (0.9 M) sucrose infused ICV 
enhanced urine and electrolyte excretion following IV infusion of 1.5 M sucrose. Similar amounts of sodium were excreted 
following IV infusion of 0.5 M NaCl, 1.0 M sucrose or 1.5 M sucrose plus the ICV infusions. The results suggest that the 
concentration of Na* in the CSF is one of the factors that play a role in urine and electrolyte excretion following IV 


administration of osmotic stimuli in the pigeon. 


Cerebrospinal fluid sodium Osmoregulation 


Urine and electrolyte excretion 





IN response to an intravenous (IV) infusion of hypertonic 
NaCl pigeons are able to excrete urine containing approx- 
imately 60% of the load over the initial 4 hours following the 
infusion, and thereafter for some time they do not excrete 
any more urine [40]. Following an IV hypertonic sucrose 
infusion however the urine excreted over the first 4 hours 
after the infusion contained osmotic material that accounted 
for 70-80% of the load and by 7 hours approximately 95% of 
the infused load had been accounted for by the osmotic ma- 
terial in the urine. After this time there was little urine ex- 
creted [40]. Thus pigeons behave somewhat differently from 
mammals as far as excretion of Na* is concerned since 
mammals have been shown to excrete a sodium load in a 
manner similar to that shown by the pigeon for sucrose. 
Intracerebroventricular (ICV) infusions of solutions that 
are designed to increase or decrease the concentration of 
Na* in the cerebrospinal fluid (CSF) have been shown to 
cause changes in urine and electrolyte excretion. In goats 
[1], anaesthetized dogs [9] and in anaesthetized rats [10] ICV 
perfusion with solutions of hypertonic NaCl that would have 
increased CSF Na* concentration have been shown to cause 
a natriuresis. Chiu and Sawyer [6] obtained natriuretic re- 
sponses in cats following third cerebroventricular injections 
of hypertonic NaCl but claimed that the response was sec- 





ondary to the increased blood pressure and heart rate caused 
by the increased CSF Na* concentration. 

A decrease in CSF Na* concentration, on the other hand, 
which follows ICV infusion of hypertonic non-electrolyte or 
hypotonic NaCl solutions [42] caused an increase in urine 
flow in lightly anaesthetized dogs [20] and a decrease in renal 
Na‘ and K* excretion in dehydrated sheep [19,21] as well as 
an increase in plasma renin activity in anaesthetized dogs 
[25] and in conscious sheep [24]. In conscious goats ICV 
infusion of isotonic solutions of non-electrolytes caused a 
water diuresis with no obvious changes in renal electrolyte 
excretion, blood pressure or heart rate during the infusions 
[11]. 

In this paper the effects via ICV infusions, of isotonic and 
hypertonic solutions of NaCl or sucrose and ICV water, had 
on urine volume and electrolyte excretion following simulta- 
neous IV infusion of hypertonic NaCl or sucrose in pigeons 
is reported. Pigeons have been used in this experiment as it 
was part of an overall study of body fluid regulation in these 
birds [40,41]. It was assumed that most of the ICV infusions 
used in this experiment would have influenced normal CSF 
Na* concentration, however, the actual changes were not 
measured since it is extremely difficult to take CSF samples 
from conscious pigeons, although CSF Na* has been shown 
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to increase following IV infusions of hypertonic solutions in 
anaesthetized birds [40]. No attempt was made to collect 
urine directly from the cloaca since modification of the ure- 
teral urine can occur in this area [33]. A preliminary report of 
this work was presented at the Symposium on Body Fluid 
Homeostasis [41]. 


METHOD 
Animals 


A total of 16 male and female pigeons (Columba livia) 
(250-400 g) were used in these experiments. They were 
housed individually in wooden home cages (603840 cm) 
enclosed except for a wire screen front, and equipped with a 
perch. Water and a 1.8% NaCl solution were available, ad 
lib, in graduated burettes. Food (Haith’s super polished pi- 
geon corn and commercial wheat in a 1:1] mixture) and min- 
eral grit were available in hoppers. Room temperature was 
maintained at 25+1°C, humidity between 45-50%. Room 
lights were on from 07.00 to 19.00 hr. 


Operations 


Pigeons were anaesthetized with equithesin (3.0 ml/kg 
body weight, IM) and a cannula implanted stereotaxically in 
the third cerebral ventricle and a catheter inserted into the 
jugular vein, as described previously [13]. The catheter and 
the cannula were externalized on the head and fixed to the 
skull with dental acrylic polymer around 4 jewellers screws 
in the skull. The birds were allowed 6-10 days to recover 
from the operation before the experiments began. 


Infusion Procedure 


The birds were placed in a special test cage, to which they 
had previously become habituated, 1 hr before the experi- 
ment began. The test cage with a wire screen floor was sup- 
ported above an inert plastic tray used to collect the excreted 
urine. The infusion pumps for the IV and ICV infusions were 
set up, one either side of the test cage, and the infusion lines 
passed from the syringes, containing the test solutions, into 
the cage through a hole in the top. Birds were removed, 
weighted, connected to both the IV and the ICV infusion 
systems and replaced in the test cage several minutes before 
the infusion began. The urine collection tray was washed in 
distilled water, dried and placed under the test cage. The two 
pumps were switched on simultaneously and solutions were 
infused: IV at 0.334 ml/min and ICV at 2 ul/min. Both pumps 
were switched off 15 min later and the birds disconnected 
from the infusion tubing after a further 15 min. Urine was 
collected (by draining the tray into a 20 ml graduated test 
- tube) at the end of the infusion (15 min), 30 min later (45 min) 
and at the end of the experiment (75 min after the beginning 
of the infusions}. Birds were weighed at the conclusion of the 
experiment, as was the urine collection tray. Birds were 
tested, at most, every 3 or 4 days. 


Urine Analysis 


Urine volume was measured in the graduated test tubes 
and each sample was filtered (Whatman No. 1) into 5 ml 
plastic collecting tubes (Seward Labs). The concentrations 
of Na* and K* in each sample were measured using a flame 
photometer (Corning, Model 455). 


THORNTON 


Solutions 


All solutions were made up freshly on each day of the 
experiment in distilled water from analytical grade reagents 
and kept in stoppered glass containers. 


Statistics 


All results are presented as mean plus or minus the stand- 
ard error of the mean (mean+SEM) and analysed using 
ANOVAR. 


RESULTS 


Urine Excretion Following Simultaneous IV and ICV 
Infusions of NaCl or Sucrose 


The effects of the various solutions infused ICV on urine 
excretion following simultaneous IV infusions of NaCl or 
sucrose are shown in Figs. 1-5. Following an intravenous 
infusion of 0.15 M NaCl, hypertonic NaCl infused ICV sig- 
nificantly increased the volume of urine excreted compared 
to ICV infusion of 0.15 M NaCl. The effect of ICV infusion 
of 0.3 M, 0.9 M sucrose or water was not different from that 
caused by ICV 0.15 M NaCl (Fig. 1). 

Urine excretion during the IV infusion of 0.5 M NaCl was 
not significantly increased by the simultaneous ICV infusion 
of 0.3 M NaCl, 0.3 M or 0.9 M sucrose, or by water when 
compared with ICV infusion of 0.15 M NaCl (Fig. 2). How- 
ever by the end of the experiment, 60 min after the end of the 
combined infusions, the volume of urine excreted following 
an ICV infusion of 0.3 M NaCl was significantly greater than 
that following ICV infusion of 0.15 M NaCl. 

Urine excretion following IV infusion of 1.0 M NaCl was 
little influenced by the simultaneous ICV infusions (Fig. 3). 
Urine was excreted at a constant rate throughout the exper- 
iment. 

Following IV infusion of 1.0 M sucrose urine excretion 
was unaffected by ICV infusion of hypertonic NaCl, sucrose 
or water or when compared to ICV infusion of 0.15 M NaCl 
(Fig. 4). 

Infusions of 0.3 M or 0.9 M sucrose ICV appeared to 
increase the volume of urine excreted in response to the 
simultaneous IV infusion of 1.5 M sucrose compared to the 
ICV infusion of 0.15 M NaCl. The effect of 0.9 M sucrose 
reached significance at the end of the infusions and by the 
end of the experiment (Fig. 5). The effect of ICV water or 
or M NaCl was not different from that of the ICV isotonic 
saline. 


Electrolyte (Sodium and Potassium) Excretion Following 
Simultaneous ICV and IV Infusion of NaCl or Sucrose 


The effects of simultaneous ICV infusions on electrolyte 
excretion following IV infusion of isotonic and hypertonic 
NaCl or hypertonic sucrose are also shown in Figs. 1 to 5. 
The overall picture is similar to that for the effects on urine 
volume excretion. The effect of ICV infusion of hypertonic 
NaCl or sucrose on electrolyte excretion was not signifi- 
cantly different from the effect of ICV 0.15 M NaCl following 
IV infusion of 0.15 M NaCl (Fig. 1). 

Simultaneous infusions, IV of 0.5 M NaCl and ICV of 0.3 
M NaCl, significantly enhanced both sodium and potassium 
excretion compared to the effect of ICV 0.15 M NaCl. The 
effect of the other ICV infusions was not different from that 
of the isotonic saline (Fig. 2). The amount of Na* excreted 





CENTRAL INFUSIONS AND URINE EXCRETION IN THE PIGEON 


CONTROL. IV 0-15M NaCl + ICV infusions 
60 min after a 15 min combined infusion 
- (9) 


an 


(ml) 


oa 7) 
- 


4 
02 
0:0 





ao » oo a GF a ww @ 











ELECTROLYTE EXCRETED (mmol ) 





URINE EXCRETED 


Oo 
r- 


015M 03M 045M 03M 09M 


water 
NaCl sucrose 


infused into the cerebral ventricles (ICV) 
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FIG. 4. Cumulative volume of urine and amount of electrolyte ex- 
creted immediately after and 60 min simultaneous infusion IV of 1.0 
M sucrose and various solutions ICV. Number of birds in par- 
entheses. +p<0.05,+++p<0.001 compared with ICV 0.15 M NaCl. 


following the IV stimulus plus ICV 0.15 M NaCl was approx- 
imately 14% of that infused. After ICV 0.9 M sucrose or 
water a similar percentage was excreted but after ICV 0.3 M 
NaCl 26% of that infused had been excreted and after 0.3 M 
sucrose ICV 21% of the sodium load infused had been ex- 
creted in the urine. 

Excretion of electrolytes Na* and K* following simulta- 
neous IV infusion of 1.0 M NaCl plus the ICV solutions was 
similar for all the infusions (Fig. 3). The amount of Na* 
excreted following these IV and ICV infusions was approx- 
imately 30% of that infused. 

In the case of IV infusion of 1.0 M sucrose none of the 
ICV infusions influenced significantly the excretion of Na* 
whereas ICV 0.9 M sucrose significantly decreased the 
excretion of K* in the urine compared to the effect of ICV 
0.15 M NaCl (Fig. 4). The amount of sodium excreted in the 
urine was similar to that excreted following IV infusion of 0.5 
M NaCl. 

Infusion ICV of 0.3 M and 0.9 M sucrose increased the 
amount of Na* excreted in the urine following IV infusion of 
1.5 M sucrose. This increase reached significance in the case 
of 6.9 M sucrose infused ICV (Fig. 5). Again the amount of 
sodium excreted in the urine following the sucrose infusion 
IV was similar to that excreted following the IV infusion of 
0.5 M NaCl. 
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DISCUSSION 


Excretion of urine and electrolytes in pigeons following a 
peripherally administered osmotic load of NaCl or sucrose 
can, in some cases, be altered by simultaneous ICV infusions 
of solutions that would have influenced the concentration of 
Na* in the CSF. The exact nature of the changes taking place 
in CSF Na* can only be inferred from other work but since 
CSF Na* has been shown to increase in pigeons following 
peripherally administered osmotic loads [40], and that hyper- 
tonic solutions of non-electrolytes have been shown to de- 
crease CSF Na* [19, 21, 42] it is appropriate to consider that 
hypertonic NaCl or sucrose infused IV would have increased 
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plasma volume, increased (NaCl) or decreased (sucrose) 
plasma sodium concentration [40] and both solutes would 
have increased CSF Na‘, and that when infused ICV hyper- 
tonic NaCl would have increased CSF Na* and hypertonic 
sucrose would have decreased it. Isotonic NaCl infused ICV 
would not have changed sodium whereas isotonic sucrose 
may have worked to slightly decrease CSF Na*. Water in- 
fused ICV, on the other hand, may have only had a transient 
action since it rapidly moves down its concentration gradient 
and thus osmolality and electrolyte concentrations would 
have equilibrated quickly with the surrounding tissue and 
blood and little affect noted. 

Hypertonic NaCl infused ICV increased urine excretion 
in response to an IV saline infusion, increased both urine and 
electrolyte excretion in response to IV 0.5 M NaCl but did 
not affect urine or electrolyte excretion following IV infusion 
of 1.0 M NaCl or following IV administration of 1.0 M or 1.5 
M sucrose. The increase in CSF sodium produced by the 
greater hypertonic solutions (1.0 M sucrose has a greater 
osmolality than 0.5 M NaCl) administered IV being suffi- 
ciently great as to be unaffected by the ICV NaCl infusion 
may serve as a partial explanation for this. Thus in pigeons 
hypertonic NaCl infused ICV does act to increase urinary 
electrolyte (Na*) excretion as has been reported in other 
species [1, 6, 9, 10]. 

In contrast to this ICV infusions of solutions that were 
designed to decrease CSF Na* concentration, i.e., water or 
0.3 M and 0.9 M sucrose, did not affect urine and electrolyte 
excretion following IV infusion of 0.15 M, 0.5 M or 1.0 M 
NaCl or 1.0 M sucrose but ICV sucrose increased excretion 
following IV infusion of 1.5 M sucrose. As stated above, 0.5 
M or 1.0 M NaCl and 1.0 M sucrose may have increased CSF 
Na* concentration to such an extent that these ICV infusions 
may not have been able to influence it sufficiently. However 
following intravenous infusion of 1.5 M sucrose, which 
would have also increased CSF Na* concentration, urine 
and electrolyte excretion were increased by simultaneous 
administration ICV of hypertonic (and isotonic, though not 
significantly) sucrose which would have worked to decrease 
the already increased CSF Na*. Although this appears con- 
tradictory, sucrose infused both IV and ICV would have 
caused a decrease in the concentration of sodium on both 
sides of the blood brain barrier which, since there are recep- 
tors for the concentration of sodium in the blood [14,35] and 
CSF [11] as well as receptors for blood volume [14,35], could 
have been registered as a sign of osmotic hypervolaemic 
overhydration (increased blood volume and osmolality, in- 
creased CSF osmolality, decreased plasma and CSF Na‘) 
and thus urine and electrolyte excretion increased to allevi- 
ate the situation. However the exact mechanism remains to 
be determined and appears to be somewhat different from 
those reported by others since there was also an increase in 
electrolyte excretion [11, 19-21, 24, 25]. 

The pigeon appears somewhat different from mammals in 
the handling of sodium [40]. In this paper a similar amount of 
sodium was excreted following IV infusion of both concen- 
trations of sucrose plus the ICV infusions and this amount 
was greater than that excreted following IV administration of 
0.5 M NaCl plus the ICV infusions (compare the sodium 
excretion data in Figs. 2, 4 and 5). The hypertonic sucrose 
infusions would have caused different degrees of change in 
plasma volume (1.5 M sucrose producing a greater increase 
in blood volume and decrease in plasma sodium concentra- 
tion than 1.0 M sucrose) and a greater volume of urine was 
excreted following the 1.5 M sucrose infusion than following 
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the 1.0 M sucrose infusion yet approximately the same 
amount of sodium was excreted (compare the sodium excre- 
tion data given in Figs. 4 and 5). This could reflect a certain 
amount of sodium being released into the blood, perhaps 
from a store [40], in response to the decrease in plasma 
sodium caused by the IV sucrose infusions. This mechanism 
could be used to partly explain the differences in excretion 
following IV infusion of 1.0 M sucrose and 1.5 M sucrose. 
Since plasma Na* concentration has been seen to return to 
preinfusion levels within 15-30 min following an infusion of 
1.0 M sucrose in anaesthetized pigeons [40] only a transient 
decrease in plasma Na* would have been seen after this 
stimulus but following IV 1.5 M sucrose although the same 
reserves would have been released they would not have been 
sufficient to correct the decreased Na*. Therefore an in- 
crease in urine and electrolyte excretion would have been 
invoked when sucrose was infused simultaneously ICV by 
the mechanisms discussed above. An increase in plasma 
sodium following IV infusion of 0.5 M NaCl is handled in the 
converse manner with some of the sodium being taken up 
and the remainder excreted [40]. 

Very hypertonic sucrose solutions have been shown to 
cause rapid dehydration in chickens [18] and cormorants [29] 
but in experiments on drinking in response to stimuli similar 
to those used here the volume of water consumed was al- 
ways proportional to the osmotic load and not in excess of it 
[40], therefore it would seem appropriate that the concentra- 
tions used were not excessive. Most excretion studies in 
other avian species have used only NaCl as the solute in 
question and as shown before [40] pigeons (and other birds 
[2]) do not fully excrete an osmotic load of NaCl but appear 
to retain some of it whereas mammals excrete approximately 
the full load within 6 hours of administration [12]. Yet when 
pigeons were infused with hypertonic sucrose or mannitol 
they rapidly (as rapidly as mammals [12]) excreted the os- 
motic load, after drinking sufficient water to reduce the in- 
crease in plasma osmolality to preadministration levels [40]. 
Thus indicating that despite proposed reptilian nephron shut 
down in response to an osmotic challenge [4,7] avian kidneys 
can respond normally to an osmotic challenge that is not 
NaCl in nature. Osmoregulation in birds with regards to the 
osmotic control of the release of arginine vasotocin (AVT) 
(the avian equivalent of arginine vasopressin, AVP) has been 
shown, in some very elaborate experiments with Pekin 
ducks, to be similar to the osmotic control of AVP release in 
mammals [30-32]. This species also has a salt gland for 
excretion of excess NaCl but its control is linked more with 
the interstitial fluid compartment than to osmoregulatory 
considerations [8,31]. Furthermore it has been suggested 
that pigeons have receptors for drinking in the extravascular 
interstitial region of the blood supply going to the head [15]. 
These types of receptor could be similar to those controlling 
salt gland secretion in Pekin ducks and therefore possibly 
urine and electrolyte (sodium) excretion in pigeons. 

The hypothesis of a sodium store in pigeons (and possibly 
in birds in general) appears to have a corollory in mammals 
[36,44] and is further supported by the finding that when 
given access to water and a 2.8% NaCl solution following 24 
hours of deprivation of drinking fluid pigeons drank only 
water and the volume consumed was equal to the 24 hour 
weight loss, i.e., they appeared to have repaired all their 
fluid and electrolyte deficits through drinking water and re- 
lease of an internal store of sodium (unpublished observa- 
tions). Furthermore an increase in the concentration of 
sodium in the medulla of the kidney, greater in extent than 
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that in the cortex or the plasma, has been shown in chicken 
and turkeys following NaCl loading or dehydration [34]. 

Several areas of the brain have been proposed as possible 
sites for a sodium receptor controlling sodium excretion; the 
preoptic area [16,17], the subfornical organ [32,39], the sep- 
tum [28], the area postrema [26, 38, 43], the anterior ventral 
region of the third cerebral ventricle (AV3V) (which could 
link together the POA, SFO and the septum) [3, 5, 22] and 
the ventral region of the third cerebral ventricle (V3V) 
(which could also link the above areas) [27]. All of these 
areas have connections with the cerebroventricular system 
as well as with the blood so they could be responsible for the 
control of sodium excretion either individually or in combi- 
nation, perhaps depending on the type of stimulus. In pi- 
geons the exact site remains to be determined. 

In conclusion, excretion of an osmotic load in the pigeon 
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appears to be controlled by several factors: changes in 
plasma volume; changes in CSF Na‘ concentration; and 
changes in plasma Na* concentration to name but a few. The 
receptors that monitor these changes work to maintain fluid 
and osmotic homeostasis within all body fluid com- 
partments. The pigeon appears to be able to tolerate a larger 
alteration in plasma sodium concentration than does the 
mammal probably due to its ability to take up and release 
sodium. 
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FRIDE, E., Y. DAN, J. FELDON, G. HALEVY AND M. WEINSTOCK. Effects of prenatal stress on vulnerability to 
stress in prepubertal and adult rats. PHYSIOL BEHAV 37(5) 681-687, 1986.—This study investigated the hypotheses that 
unpredictable prenatal stress (1) has effects on the offspring, similar to those induced by perinatal administration of 
glucocorticoids and (2) increases the vulnerability to stressful situations at adulthood. Rats were exposed to random noise 
and light stress throughout pregnancy. Offspring were tested for the development of spontaneous alternation behavior (SA) 
and at adulthood, their response to novel or aversive situations, open field, extinction and punishment following acquisition 
of an appetitive response and two-way active avoidance, were assessed. In prenatally stressed rats, the development of SA 
was significantly delayed. On repeated exposure to an open field they were less active; control rats had elevated plasma 
corticosterone (CCS) on days 2 and 4 of open field exposure, while prenatally stressed rats had significantly raised plasma 
CCS after each exposure (days 1-8). Furthermore, punishment-induced suppression of an appetitive response was en- 
hanced. Acquisition of active avoidance was faciliated in female but reduced in male prenatally stressed offspring. It is 
suggested that random prenatal noise and light stress may cause impairment of development of hippocampal function which 


lasts into adulthood. This impairment is manifested as an increase in vulnerability and a decrease in habituation to stressful 


stimuli. 
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PSYCHOLOGICAL stress related to aircraft noise during 
pregnancy is correlated with a significantly greater number 
of infants with congenital malformations [33] and low birth 
weights [34]. In addition, there is some evidence that en- 
vironmental prenatal stress may affect the psychological de- 
velopment of those children who seem to be normal at birth 
[47]. 

We have recently shown that exposure of pregnant rats to 
unpredictable (random) noise and light stress resulted in a 
retardatio:. of early motor development in their offspring [25] 
and in impaired maternal behavior in a conflict situation [23]. 
Other effects of prenatal stress include impaired sexual 
function [11,53] and increased emotionality [4, 29, 41, 48] at 
adulthood. However, there are also reports of a failure to 
find an increase in emotionality as a result of prenatal stress 
[2, 6, 29, 49] (see also review [4]). 

Exposure of pregnant rats to stressful situations resulted 
in a 3-4 fold rise in plasma corticosterone [5], which can 
readily reach the fetus through the placenta [54]. Perinatal 
administration of glucocorticoids also produced abnormal 
sexual differentiation [10,12] and increased emotionality [31, 





36, 40]. Spontaneous alternation behavior (SA), which de- 
velops over the 3rd to Sth week of life [17,19] was retarded 
after neonatal administration of glucocorticoids [15]. There- 
fore, the effects of prenatal stress may be mediated by the 
excessive amounts of glucocorticoids released by the mother 
during stress. 

In the present study, we investigated further the sugges- 
tions that gestational stress (a) has effects on the offspring 
which are similar to those seen in animals which were pre- or 
neonatally treated with glucocorticoids and (b) increases the 
vulnerability to stressful situations at adulthood. Hence, the 
development of spontaneous alternation behavior was as- 
sessed in prenatally stressed prepubertal rats. At adulthood, 
we studied motor activity and corticosterone (CCS) release 
in response to repeated exposure to a novel environment; 
acquisition of two-way active avoidance and inhibition of an 
appetitive response following the absence of reward (ex- 
tinction) or following footshock (punishment). These tests 
were chosen because they all involve a certain degree of 
stress [9, 26, 28, 30] and possible habituation [22]. 


‘Requests for reprints should be addressed to Prof. M. Weinstock, Department of Pharmacology, Hebrew University-Hadassah Medical 


School, P.O.B. 1172, Jerusalem 91010, Israel. 





METHOD 
Maternal Treatment 


Female virgin albino rats (Sabra strain) were mated and 
housed singly throughout pregnancy, as described previ- 
ously [25]. 

Twenty experimental rats were kept in a stress chamber 
and 20 control rats were housed in an adjacent room under 
similar conditions (see [25]). At birth, litters were culled to 8 
pups and raised by their biological mothers. 


Stress Treatment 


The stress stimulus employed consisted of flashing lights 
and noise as previously described [25]. The flashing lights 
were 75 watt incandescent bulbs (with plastic covers) which 
gave a light intensity of 20 footcandles when measured inside 
the rat cage. The noise source was an electric bell which 
gave a sound intensity of 90-95 dB SPL at its peak which 
was in the frequency range between 5000-25000 cps. The rat 
cages were arranged so as to ensure a similar distribution of 
light and sound to all the animals. The bell and lights were 
controlled electronically to deliver 5 min periods of noise 
bursts alternated with 5 min of light flashes for 4 hours a day 
between 0800-1500 hr. Each noise burst or light flash lasted 
0.5 sec, followed by a 0.5 sec inter-burst interval. This form 
of stress is milder than that used by others since we have 
found that plasma corticosterone is only increased 1.5-2 fold 
(unpublished observations) compared to 3—4 fold in pregnant 
rats subjected to restraint stress [5]. 

Experimental animals were subjected each week 
throughout pregnancy to 3 stress sessions which were ran- 
domly (i.e., unpredictably) distributed throughout the week. 


Postnatal Testing 


In order to prevent litter effects, no more than 2 male 
and/or female littermates were used for a particular test. 


Spontaneous Alternation 


On days 21, 24, 28 and 35 of age, rat pups were tested for 
spontaneous alternation. This behavior refers to the tend- 
ency of animals in a T-maze to make alternate visits to the 
two goal boxes which are not baited (have no reward) on 
consecutive trials [14,32]. The maze was painted white and 
had 2 goal arms 50 cm long, 10 cm wide and 20 cm deep 
which could be closed by guillotine doors. The central arm 
was divided into a start box and an alley, each 25 cm long, 
which were separated by a guillotine door. 

On the first day of testing (age 21 days), the subjects were 
allowed to acclimate to the entire T-maze for 30 minutes with 
all doors open. Each alternation test (based on [19]) con- 
sisted of 2 trials. For each trial, the animal was placed in the 
start box and after 10 sec the guillotine door was raised. 
When its whole body was inside one of the arms, the door to 
that alley was lowered and the rat was confined in the arm 
for 30 sec. The rat was removed to a holding bucket for 30 
sec while the maze was wiped clean before the second trial 
was given. 


Exposure to an Open Field 


At the age of 6 months, 60 male offspring were randomly 
assigned to 5 groups so that 6 control and 6 prenatally 
stressed rats were exposed for 10 min to an open field for 1, 
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2, 4 or 8 consecutive days or remained in their home cage. 
The open field was a 1x1 m wooden box, painted black and 
divided into 20x20 cm squares. On each exposure, the rat 
was placed in the same corner and on each exposure ambu- 
lation was measured by the number of squares crossed dur- 
ing the 10 min period. Testing took place under dimmed 
lights. 

Five min after exposure to the open field, 6 rats of each 
group were decapitated, either on day 1, 2, 4 or 8. Trunk 
blood was collected into heparinized tubes for determination 
of plasma corticosterone (CCS). Baseline levels were meas- 
ured in non-exposed rats. Animals were killed between 
0830-1030. Behavioral data were analyzed from ambulation 
scores taken from animals subsequently used for the meas- 
urement of plasma CCS. 

Plasma CCS was measured by radioimmunoassay [7]. 
Antiserum was generously supplied by Dr. D. E. Kime, Uni- 
versity of Sheffield, U.K. 


Appetitive Task 


At the age of 6 months, 28 experimental and control off- 
spring of each sex were trained to run down an alley for food 
reward. The alley was 140 cm long, 15 cm wide and 35 cm 
high, divided into start, run and goal sections. Following 
acquisition, animals were tested in either extinction or 
punishment condition, as described in [45]. 


Acquisition Phase 


Two weeks prior to and throughout the experiment, rats 
were maintained on a 23 hour food deprivation schedule. The 
acquisition phase consisted of 10 days of one daily trial. On 
each trial, the animal was put into the start section and time 
measurements for the start, run and goal sections, were ob- 
tained as the animal traversed the alley. 


Test Phase 


(a) Extinction. Half of the animals were tested for 8 daily 
trials in extinction, i.e., with no food available in the goal 
box. Animals which failed to reach the goal box within 60 sec 
were removed from the alley and received the maximal score 
of 60. 

(b) Punishment. The 2nd half of the animals which had 
acquired the appetitive response were given 8 daily punish- 
ment trials in which shock (0.3 mA, 0.5 msec) was delivered 
to the floor of the goal section in addition to food reward on 
each trial. 


Two-Way Active Avoidance 


Six male and 6 female offspring of each treatment group 
were used. Standard Campden Instruments Shuttle boxes 
were divided by an aluminium wall with an inverted U-shape 
opening (10 cm high x 7 cm wide). The conditioned stimulus 
was a 5 sec 2.8 kHz tone produced by a Sonalert module. 
The unconditioned stimulus was a 1 mA scrambled foot- 
shock, delivered to the grid floor. 

The task consisted of 3 sessions of 100 avoidance trials 
each, given 7 days apart. Each trial started with a tone of 5 
sec duration, followed by a 35 sec shock, the tone remaining 
on with the shock. When the animal crossed to the other side 
of the box during the tone, but before commencement of the 
shock (avoidance response), the tone was terminated and no 
shock was delivered. A crossing response after onset of the 
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TABLE | 


PERCENTAGE OF ANIMALS SHOWING SPONTANEOUS 
ALTERNATION BEHAVIOR DURING DEVELOPMENT 





Day of Age 
Group (n) 21 24 





Controls (26) 54 
Stressed (29) 44 





*p<0.01 cf controls. 


shock (escape response) terminated both tone and shock. 
For each session, the percentage of animals which avoided 
the shock was scored. 


Statistical Analysis 


SA data were analyzed by chi-square tests for each day. 
Data from runway acquisition and testing phases were trans- 
formed into reciprocals in order to normalize the distribution 
of the data before use of parametric analysis of variance 
(ANOVA). Active avoidance, open field activity and CCS 
levels were also analyzed by ANOVA. Individual group 
comparisons were performed by using Newman-Keul’s tests 
at the p<0.05 level of significance. 


RESULTS 


Mean body weights at day 21 of age did not differ between 
the treatment groups: 42.1+0.8 g for control males; 42.0+1.3 
g experimental males; 40.8+1.0 g control females and 
41.8+1.5 g experimental females (n=14). 


Spontaneous Alternation 


Since there were no significant differences in spontaneous 
alternation behavior between males and females, their data 
were combined. The percentage of animals which alternated 
on each day are shown in Table 1. As can be seen, on day 21, 
rats of both groups alternated at random, while on day 24, 
significantly fewer experimental rats alternated (,?=3.98, 
p<0.01). By day 28, both groups had reached adult levels of 
performance. 


Open Field Exposure 


Ambulation: there was a significant change in activity 
when male rats were exposed repeatedly, F(3,40)=3.3, 
p<0.05 (Fig. 1). In both groups of rats, activity declined 
significantly from the first to the second exposure (p<0.05). 
The significant interaction between the number of exposures 
and prenatal treatment, F(3,40)=4.59, p<0.01, reflects the 
fact that there was a gradual increase in activity from day 2 
to 8 in controls, whereas no such increase occurred in the 
experimental rats. When we analyzed the ambulation scores 
of those animals tested repeatedly until day 8 of exposure to 
the open field, the same general pattern of results was ob- 
tained. 


Plasma CCS Levels 


There were significant main effects of both the number of 
exposures, F(4,50)=10.28, p<0.01, and prenatal treatment, 





TOTAL NO. OF SQUARES CROSSED 








ome T 


3 8 
DAYS OF EXPOSURE 


FIG. 1. Ambulation during repeated exposures to the open field. 
Open circles: controls; closed circles: prenatally stressed rats. 


F(4,50)= 18.33, p<0.001. Post-hoc analysis revealed that 
there was no difference in baseline levels between the two 
groups. The levels of control animals rose above their basal 
levels only after the 2nd and 4th exposure, and were not 
different from baseline after 8 exposures. In contrast, CCS 
levels in prenatally stressed rats were significantly above 
baseline on all test days (Fig. 2). 


Appetitive Learning 


There was no significant group effect during the acquisi- 
tion of the running response. The last 4 days of training only 
are shown (Figs. 3 and 4, left panels). 


Extinction 


In extinction, only the main effect of trials was signifi- 
cant, F(7,161)=21.69, p<0.001, which reflects the decrease 
in running speed over trials in both the experimenta! and 
control animals (Fig. 3). 


Punishment 


In the punishment test, the effect of trials was highly sig- 
nificant, F(7,168)=35.1, p<0.001, reflecting the decrease in 
running speed over trials as a consequence of shock. The 
main effect of sex, F(1,24)=13.23, p<0.01, and sex by trials 
interaction were significant, F(1,24)=13.23, p<0.01 and 
F(7,168)=5.02, p<0.001, respectively. Thus, the females of 
both groups slowed down more than the males as the result 
of shock. More importantly, the main effect of prenatal 
treatment approached significance, F(1,24)=3.67, p<0.07, 
and the interaction between prenatal treatment and trials was 
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FIG. 2. Plasma corticosterone levels after repeated exposures to the 
open field. Open circles: controls; closed circles: prenatally stressed 
rats. *Significantly higher than basal levels (p<0.05, Newman- 
Keul’s tests). 
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FIG. 4. Performance during acquisition and conflict conditions in an 
appetitive task. Open circles: control males; open triangles: control 
females; closed circles: prenatally stressed males; closed triangles: 
prenatally stressed females. 
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FIG. 3. Performance during acquisition and extinction of an appeti- 
tive task. Open circles: control males; open triangles: control 
females; closed circles: prenatally stressed males; closed triangles: 
prenatally stressed females. 
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FIG. 5. Acquisition of a two-way active avoidance task. Open bars: 
controls; striped bars, prenatally stressed rats. *p<0.05 Newman- 
Keul’s tests. 
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significant, F(6,186)=2.27, p<0.05. This reflects the in- 
creased rate at which the experimental animals of both sexes 
inhibited their response in the face of shock (Fig. 4). 


Two-Way Active Avoidance 


The main effect of tests was highly significant, 
F(2,40)=60.0, p<0.001. In addition, the interactions of sex 
by tests, F(2,40)=11.22, p<0.001, and sex by prenatal treat- 
ment by tests, F(2,40)=6.01, p<0.01, were significant. As 
can be seen in Fig. 5, the animals improved throughout the 
sessions. Females were better than males, particularly on the 
second and third test. Post-hoc comparisons revealed that 
the performance of experimental males was impaired in the 
2nd and 3rd session, whereas the prenatally stressed females 
avoided significantly more shocks during the 2nd session 
than did female controls. 


DISCUSSION 


The main findings of this study are a delayed development 
of spontaneous alternation behavior in prenatally stressed 
juvenile rats and altered responsivity to stressful situations 
at adulthood. 

During repeated exposure to the open field, control rats 
displayed a pattern of activity similar to that reported in 
other studies [13, 35, 38], i.e., an initially high rate of activ- 
ity, followed by a decline and then a gradual increase in 
ambulation over the remaining exposures. It has been 
suggested [35] that the hyperactivity during the first expo- 
sure is related to a heightened level of emotionality, while 
the gradual increase in activity (i.e., exploration; see [20, 42, 
52]) from the 3rd session onwards, is a demonstration of 
decreasing emotionality. The prenatally stressed offspring in 
this study showed a reduction in activity from the first to the 
second session, similar to controls. However, they main- 
tained a low level of activity during the last sessions. There- 
fore, we conclude that it was possible to detect a higher 
degree of emotionality of the experimental animals in the 
open field test only when they were exposed repeatedly to 
the novel environement. 

The plasma CCS response to repeated open field expo- 
sure took longer to reach peak levels and to decline than did 
ambulation behavior (compare Figs. 1 and 2). Such a dis- 
sociation between these measures is well documented [1, 27, 
52]. More interestingly, the difference in the adrenocortical 
responsivity between prenatally stressed and control animals 
also suggests increased sensitivity of the experimental rats to 
stress, which, as was concluded from the activity scores, 
only becomes apparent upon repeated exposures. Thus, al- 
though basal levels are normal in prenatally stressed 
animals, there is a faster onset of the CCS response to a 
novel environment and delayed habituation upon repeated 
exposure. 

Extinction of a previously reinforced response has been 
shown to be stressful, as indicated by an elevation in CCS 
levels [8]. In our experiment, there was no difference in the 
rate of extinction of the appetitive response between control 
and prenatally stressed offspring. Hence, it is possible that 
the degree of stress under the present extinction conditions 
was not severe enough to distinguish the performance of the 
prenatally stressed offspring from that of controls. On the 
other hand, the experimental rats which were exposed to 
punishment showed marked facilitation of response extinc- 
tion when compared to controls. This condition, which in- 
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volves footshock, is presumably highly stressful [28]. There- 
fore, we interpret the faster rate of inhibition of the appeti- 
tive response of the prenatally stressed animals in this situa- 
tion, as opposed to that during simple extinction, as an in- 
creased vulnerability to severe stress but not to a milder 
form of stress. 

Likewise, the impaired performance on the active 
avoidance task of the prenatally stressed males is in good 
agreement with an increased vulnerability to stress [18,40]. 
In contrast, the increased avoidance scores of the experi- 
mental females might indicate a decreased level of fear [39]. 
However, an alternative explanation may be considered. 
High shock levels are associated with increased rates of 
avoidance [39]. Hence, we suggest that the higher avoidance 
rate of the stressed females could reflect a heightened sen- 
sitivity to the footshock. Although the reason for a possible 
greater vulnerability of the female offspring to prenatal stress 
in unknown, there are several reports of an interaction be- 
tween sex and prenatal treatment [3, 34, 46]. 

An inverse relationship between open field activity and 
plasma CCS levels has been shown [20]. It was also shown in 
the same study, that animals which explored less (low activ- 
ity) and had high CCS levels, responded more frequently to 
punishment than the high explorers with low CCS levels. In 
addition, active avoidance performance was inversely re- 
lated to the level of CCS released after exposure to stress 
[18]. The present results are consistent with these reports. 
Thus, the experimental rats had higher CCS levels and lower 
exploration rates in the open field and responded more in- 
tensely to punishment as compared to controls. Therefore, 
we conclude that prenatally stressed rats, at least with the 
present stress regime, are clearly more emotional than con- 
trols. However, this increased vulnerability only becomes 
apparent when the animals are exposed to a condition of 
prolonged and/or relatively intense stress. Hence, failure to 
detect an increase in emotionality which continues into 
adulthood in some studies [2, 4, 6, 29, 49] may have been due 
to the relatively short duration or mild conditions of the 
postnatal tests used. 

However, since these studies used different prenatal 
stress regimens from the one we used, the persistence of the 
effect on emotionality, which we observed, may be attribut- 
able to the nature and timing of the treatment. 

In this study offspring were raised by their biological 
mothers. Hence transmission of the stress effects through 
postnatal maternal behavior cannot be excluded. However, 
since we have shown [24] that the early delay in behavioral 
development after gestational noise and light stress was 
mediated in utero, we postulate that a major contribution to 
the effects seen in the present study can be ascribed to pre- 
natal factors. 

We observed a delay in the development of spontaneous 
alternation which was similar to that seen after neonatal 
administration of corticosteroids [15]. Perinatal administra- 
tion of glucocorticoids has also been shown to increase 
emotionality at adulthood [31, 36, 40]. Thus, the results from 
this study are consistent with the suggestion that maternal 
corticosteroids may mediate at least some of the effects of 
prenatal stress. 

Development of spontaneous alternation behavior has 
been linked to hippocampal function [17,19]. The hippocam- 
pus plays a major role in habituation to novelty [16,32] and 
the regulation of the stress response [32,51]. It has also been 
shown to have the largest concentration of corticosterone 
receptors in the brain [37], the number of which rises dramat- 
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ically during development [50]. Therefore, the impaired 
functions we observed in prenatally stressed adult rats, may 
be an expression of a persistent alteration in hippocampal 
function caused by exposure in utero to abnormal levels of 
maternal corticosteroids during stress. 

Selective regulation of hippocampal CCS receptors has 
been shown after CCS administration or after chronic stress 
[43]. Hence, it is possible that prenatal stress (or perinatal 
corticosteroids) reduce(s) the number of CCS binding sites in 
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the developing hippocampus. If such an effect lasts into 
adulthood, it may cause a decreased effectiveness of the 
negative feedback of CCS on the hippocampus. 

It has been shown that the inhibitory effect of the hip- 
pocampus on the response to stress is mediated by circulat- 
ing glucocortocoids [22]. Therefore, a reduction in the 
number of CCS receptors in the hippocampus of prenatally 
stressed rats may cause a decrease in the ability of the hip- 
pocampus to dampen down the response to stress. 
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SMOOTHY, R., P. F. BRAIN, M. S. BERRY AND M. HAUG. Alcohol and social behaviour in group-housed female 
mice. PHYSIOL BEHAV 37(5) 689-694, 1986.—Group-housed female mice were injected IP with 0, 0.5, 1.0 or 2.0 g/kg of 
ethanol. Twenty min after injection, the animal’s responses in a neutral cage to a docile male ‘‘standard opponent’’ were 
videotaped for 500 sec. The tapes were subsequently analysed in terms of the total times allocated by the females to 
non-social, social/sexual, aggressive and timid activities. The frequency of occurrence of acts and postures associated with 
the above categories was also determined. Similar females given the same doses were used to assess the blood alcohol 
concentrations 20 min after injection. Timid behaviour was greatly increased by high doses of ethanol, especially as a 
consequence of increases in the element ‘cringe’; at the low dose ‘cringe’ was decreased in frequency. Social/sexual 
behaviour was also influenced in a biphasic manner, low doses increasing and high doses reducing such activity. The drug 
modified some elements of non-social behaviour in a manner suggesting motor impairment at high doses. There was no 


evidence that any dose of ethanol induced aggressiveness in these animals. There did not seem to be a simple dose-response 


effect. 
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THERE are a number of situations in which female mice 
demonstrate substantial levels of ‘‘aggressive’’ behaviour, 
including attacks on ‘prey’ species [4], on conspecifics by 
lactating mice in defense of a litter [5] and by groups of 
resident female mice in response to lactating female intrud- 
ers [17, 19, 20]. Attack in the latter situation is also shown by 
castrated group-housed males, and appears inhibited by 
sex-steroid treatment (in contrast to inter-male fighting) [18]. 
Female mice also fight in response to stimulation by elec- 
troshock [21]. The effects of acute alcohol intoxication in 
female mice have only been examined in this last-mentioned 
situation, and only at high doses that produced non-specific 
depression of fighting [21]. Low-dose potentiations of 
inter-male fighting have recently been claimed (see e.g., 
[26]). 

In most commonly-used aggression-testing situations, 
female rodents show less agression than males. Individual- 
housing frequently fails to induce fighting behaviour in 
female mice [1, 4, 32, 40], although some workers have re- 
ported increases following extremely prolonged periods of 
isolation [31]. One may expect female mice to show less 
aggression in this situation, since this form of attack is 
heavily dependent on male sex steroids [6]. Perhaps because 
of the relatively low levels of attack shown by female mice in 
such commonly-used paradigms, this gender has been 
largely ignored in drug studies on social behaviour, apart 
from specific investigations into activities such as sexual be- 
haviour [38]. Certainly, studies on drugs and agonistic be- 
haviour rarely use females, although models employing this 
gender appear useful for a number of reasons including: 


(a) The low levels of fighting in such animals in most 
aggression-testing situations may provide good models for 
assessing reputed ‘‘aggression-stimulating’’ compounds. 
This appears particularly pertinent in relation to alcohol be- 
cause Krsiak [24] suggests that ‘‘the facilitation of on-going 
aggression does not seem to indicate an extraordinary 
aggression-stimulating potency as many drugs from various 
categories of psychotropic drugs have been shown to in- 
crease aggressive behaviour in aggressive animals.” 

(b) The intense fighting shown by lactating females in 
defense of a litter seems a suitable situation in which to 
assess anti-aggressive drug effects. 

(c) Preliminary studies indicate that female Swiss mice 
show high levels of ‘‘active’’ flight in response to unfamiliar 
male intruders. They consequently appear to provide good 
models for assessing the effects of anxiolytic drugs (as previ- 
ously carried out, for example, using timid individually- 
housed males [23]). Although various workers report that a 
substantial proportion of individually-housed males show 
high levels of ‘‘active’’ flight [9, 23-25] and similar behaviour 
is often seen in wild mice [12], recent studies [33-35] report 
only a small minority of untreated isolated males showing 
‘active’ flight. This creates an obvious problem of obtaining 
sufficiently large samples of timid individuals for assessing 
possible anxiolytic effects of alcohol. 

In preliminary studies, group-housed female mice showed 
substantial levels of timid behaviour and a complete absence 
of aggression in response to anosmic male ‘‘standard oppo- 
nents.’ Comparable animals were used here to determine 
whether alcohol reduced these high levels of timidity (‘‘anx- 
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TABLE 1 


MEDIAN VALUES (WITH RANGES) FOR TIMES ALLOCATED TO BROAD CATEGORIES OF SOCIAL 
BEHAVIOR IN NAIVE, GROUP-HOUSED FEMALE SWISS MICE GIVEN DIFFERENT DOSES OF 
ETHANOL (N = 10) 





Duration of 


Behavioural Dose of Ethanol (g/kg) Significance 


Category 
(Sec) 0.0 0.5 


(Kruskal-Wallis 
1.0 f Test) 





Non-social 284.0 319.5 
behaviour (203.7- (201.0- 
401.3) 386.7) 


Social/sexual 74.1 106.6* 
behaviour (32.5— (56.2~ 
260.9) 250.9) 


Aggressive 0.0 0.0 
behaviour (0.0- (0.0- 


0.4) 0.0) 
Timid 74.1 30.3 
behaviour (2.4- (1.7- 
249.3) 242.8) 


238.2 H = 5.85 
(104.8- = ns 
333.7) 


114.8 
(23.5- 
247.3) 


0.0 
(0.0- 
0.0) 


121.4 
(16.1- 
362.6) 





Differs from controls *p<0.05 on Mann-Whitney ‘*U”’ test. 


iety’’?) or even induced aggressive behaviour. Encounters 
took place in an unfamiliar arena to provide comparability 
with experiments on group-housed male mice and to 
facilitate comparisons between the genders. 


METHOD 


Forty naive, group-housed female Swiss mice, aged 60-70 
days, were used as experimental subjects (these subjects 
were bred and housed under highly standardized conditions, 
see [8]) and were tested according to a procedure identical to 
that described for male group-housed animals [33]. No at- 
tempt was made to assess their reproductive status, but this 
was unlikely to be highly variable in view of the housing 
conditions employed. Females were given a single IP injec- 
tion containing 0 (controls), 0.5, 1.0 or 2.0 g/kg of ethanol 
(BDH Ltd) in 0.9% saline. The injection volume was always 
0.1 ml per 10 g body weight. Subjects were then placed in a 
clean standard cage (30x 12x11 cm) with a fresh sawdust 
substrate and were left for 20 min. Forty. naive, group- 
housed males, aged 60-70 days, were employed as anosmic 
‘*standard opponents”’ [7]. This type of intruder was used 
because it exhibits less variability in its behaviour than a 
non-treated male (e.g., no aggression or sexual behaviour); a 
more standardised response of the female was therefore ex- 
pected, on which to observe the effects of alcohol. A stand- 
ard opponent was introduced into each female’s cage pre- 
cisely 20 min after injection. A perforated transparent lid was 
used to facilitate 500 seconds of videotaping using a camera 
sensitive to the dim red light (circa 9 lux) which was em- 
ployed: The arrangement has been described in Jones and 
Brain [22] and incorporated a digital timer which was dis- 
played on the screen. Testing was carried out in the *‘dark’’ 
portion of the animal’s reversed lighting schedule. Tapes 
were initially analysed in terms of the times the animals allo- 
cated to broad categories of behaviour, namely non-social, 
social/sexual, aggressive and timid activities [33]. Subse- 
quently, the incidences of particular elements and postures 


(described in [33]) which make up these categories were de- 
termined. 

A further 15 female mice, obtained from the same source 
as behaviourally-tested animals, were used for determination 
of blood alcohol concentrations (BACs). Animals were 60 
days of age, and were housed in single-sex groups of 6 per 
cage until the time of testing. Subjects were injected IP with 
0.5, 1.0 or 2.0 g/kg of ethanol and placed in an empty, clean 
unfamiliar cage. Blood samples were removed after 20 min- 
utes and BACs determined as described in [2]. 


RESULTS 


The numbers of seconds allocated by mice in the different 
treatment groups to broad categories of behaviour are given 
in Table 1. Corresponding incidences of elements associated 
with non-social, social/sexual and timid activities are listed 
in Table 2. The values are all given as medians with ranges. 
Non-parametric Kruskal-Wallis tests were used to assess the 
variance over treatments and Mann-Whitney ‘U’ tests to 
compare particular values with those of control animals. 

The total time devoted to non-social activities was unaf- 
fected by alcohol treatment (Table 1), but there were 
changes in the frequencies of occurrence of specific acts and 
postures (Table 2). At the highest dose, suppressions of 
self-grooming, digging, rearing and supported rearing were 
apparent; digging and supported rearing were also suppres- 
sed at the intermediate dose. The frequencies of non-social 
activities were unaffected by the lowest dose. Certain ele- 
ments, including jumping, scratching, washing, abbreviated 
grooming, kick digging, push digging (all of which occurred 
with extremely low frequencies, such that data are not given 
in the Tables), exploring, scanning and squatting (data in 
Table 2) were unchanged at all three doses. The elements 
shake and leave showed overall drug effects assessed by 
Kruskal-Wallis tests, but no significant differences were ap- 
parent between levels for individual doses and controls. 

The total time allocated to social/sexual activities showed 
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TABLE 2 


MEDIAN VALUES (WITH RANGES) FOR FREQUENCIES OF NON-SOCIAL, SOCIAL/SEXUAL AND 
TIMID ACTIVITIES IN NAIVE, GROUP-HOUSED SWISS MICE GIVEN DIFFERENT DOSES OF ETHANOL 
(N = 10) 





Dose of Ethanol (g/kg) Significance 


Behavioural (Kruskal-Wallis 


Element 


Test) 





Non-Social 
Self groom 


Shake 

Dig 
Explore 
Scan 
Squat 
Rear 
Supported 


rear 
Leave 


Social/Sexual 
Attend 


Stretched 
attention 
Head orient 
Approach 
Investigate 
Nose 
Sniff 
Follow 
Timid 
Evade 
Flinch 
Retreat 
Cringe 
Upright 
defensive 


Sideways 
defensive 


(0-22) 
40.5 
(13-86) 
35.0 
(19-43) 
16.0 
(12-49) 


(15-70) 
31.0 
(14-43) 


(13-27) 


17.5 
(4-23) 


(0-16) 


(25-43) 
20.5 
(4-45) 
1.0 
(0-3) 
6.5* 
(1-19) 
4.0" 
(0-14) 


12.0 
(3-22) 

3.5 
(1-13) 

20.0 
(6-29) 


(0-49) 
12.0 
(2-21) 


0.0§ 
(0-2) 
0.0 
(0-1) 
0.0¢ 
(0-0) 
25.0 
(0-59) 
27.0 
(15-42) 
27.0 
(0-49) 
0.07 
(0-0) 
0.0§ 
(0-8) 
1.0 
(0-12) 


7.08 
(3-10) 
1.07 
(0-3) 
16.0 
(10-30) 
4.5 
(0-21) 
1.5} 
(0-13) 
0.0* 
(0-9) 
0.5* 
(0-9) 
0.0 
(0-9) 


13.5 
(5-25) 
16.0 


(5-23) 


H = 19.08 
p<0.005 
H = 9.56 
p<0.025 
H = 16.33 
p<0.005 
H = 4.44 
p = ns 

H = 4.57 
p =ns 

= 2.80 


SER UTR ISS 
toto 





Differs from controls *p<0.05, tp<0.02, tp<0.01, §p<0.002 on Mann Whitney ‘*U”’ test. 
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a biphasic pattern in response to ethanol (Table 1). The du- 
ration was extended by the lowest dose, unchanged by the 
intermediate dose and suppressed by the highest dose. This 
pattern was not, however, reflected in the frequencies of 
specific acts and postures (Table 2). Neither low nor inter- 
mediate doses produced significant effects on social/sexual 
elements. Attend, stretched attention, investigate, nose and 
sniff were suppressed at the highest dose. Many elements, 
including mounting, genital grooming, walking around, 
grooming, head grooming, crawling over, crawling under (all 
of which had very low median frequencies such that their 
data are not included in Table 2), head orienting and ap- 
proaching (data in Table 2) were unchanged by any dose. 
Following the partner showed an overall drug effect, but no 
significant differences were apparent for paired comparisons 
between individual doses and controls. 

Ethanol did not induce any aggression in this situation. 
Indeed, the median times allocated to such activities were 
zero for all conditions (Table 1). All aggressive acts and 
postures also had median values of zero and were similarly 
unaffected by alcohol (data not given as a Table). 

The total time spent in timid behaviour was unchanged by 
the 2 lower doses, but significantly elevated by the highest 
dose (Table 1). A significant reduction in the frequency of 
occurrence of cringing was recorded at the lowest dose, 
perhaps indicative of an anti-anxiety effect (Table 2). No 
other elements were influenced at this or the intermediate 
dose. The highest dose produced marked increases in cring- 
ing (illustrating a biphasic action of ethanol on this activity) 
and decreases in upright defensive postures. All other timid 
activities were unchanged over the present dose range, irre- 
spective of whether baselines were low (for example, retreat- 
ing, upright submissive, ricochet and wall clutch—data for 
all but retreat are not given in Table 2) or high (for example, 
evading, flinching and sideways defensive postures). 

The BAC data show that higher doses of injected ethanol 
are associated with higher circulating levels of this com- 
pound around the time of behavioural testing. The dose of 
0.5 g/kg ethanol produced a blood alcohol concentration of 
34 (31-44) mg/100 mi 20 min after IP injection; 1.0 g/kg re- 
sulted in 94 (88-106) mg/100 ml, and 2.0 g/kg gave 243 (238- 
253) ml/100 ml (n=5 in each case, and the values in par- 
enthesis are the ranges). 


DISCUSSION 


Levels of.*'active’’ flight were high in control animals in 
the present situation, confirming the findings of preliminary 
studies on this category of mouse. The most frequently- 
occurring elements of timidity in controls were upright and 
sideways defensive postures, evading and flinching. These 
high levels of timidity were not generated by obviously a- 
versive stimulation or individual-housing, and appear to pro- 
vide a useful model on which to assess anxiolytic effects of 
drugs. 

There was no evidence that alcohol stimulated threat or 
attack in this situation, in agreement with our previous find- 
ings using inter-male paradigms [3,33] and isolated [36] or 
lactating [37] female mice. This lack of stimulation was not 
due to an inability of female mice to show aggression, be- 
cause in many circumstances they exhibit intense fighting 
(see earlier). It is unlikely, however, that aggression could be 
readily ¢ncouraged in this situation, since obvious 
aggression-provoking stimuli are lacking. It would be inter- 
esting to test the effects of drugs which are frequently re- 
ported to stimulate aggression, such as amphetamine, 
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amobarbital and apomorphine [27], as this would facilitate 
our understanding of the significance of the present findings 
with alcohol. 

The increase in social investigatory behaviour and de- 
crease in cringing at the lowest dose are of interest. Although 
increases in social investigation have been observed in male 
mice following chronic alcohol intake [15,16], such potentia- 
tions are not generally reported following acute administra- 
tion [3]. Alcohol does not appear to have any marked effect 
on social investigatory behaviour at low doses [11,39] but 
moderate to high dosage usually results in a depression, for 
example in rats given 1.2 or 3.0 g/kg [10,26]. Krsiak [24] 
noted that sociable activities were unchanged over a range of 
alcohol doses (0.4 to 2.4 g/kg) in aggressive and timid 
singly-housed male mice. In sociable isolates, however, cer- 
tain elements of social investigation were suppressed at the 
lowest dose (0.4 g/kg), although higher doses left them un- 
changed. Increases in social investigation have been re- 
ported in a colony of rhesus monkeys following voluntary 
intake of alcohol [13], a finding which appears to support the 
various studies linking alcohol intake in humans with in- 
creased sociability. The decrease in timid cringing in the 
present study (only detected by the postural analysis) ap- 
pears to agree with several ethological studies on monkeys 
[13,14] and biochemical studies on rodents [30] which 
suggest that alcohol provides some protection against stress. 
Cringing was the only timid element to be reduced, however, 
and this reduction contrasts with findings from most inter- 
male paradigms in studies related to this one [3], where alco- 
hol tended to stimulate ‘‘active’’ flight. In fact, most etholog- 
ical studies on rodents suggest that alcohol has no timidity- 
reducing effect [28], except at high doses, where effects may 
be non-specific [3]. 

The intermediate dose of alcohol had no effect on so- 
cial/sexual behaviour, timidity, aggression or most aspects of 
non-social behaviour; the only effects were suppressions of 
digging and supported rearing. Interestingly, unsupported 
rearing was unaffected at this dose, a finding in contrast to 
most inter-male models (where decreases in this activity 
generally occurred at lower or similar doses to those sup- 
pressing supported rearing [34,35]. This apparent failure to 
affect rearing may, however, be at least partially attributed 
to its low baseline in control animals (particularly when 
compared to supported rearing). At the highest dose, de- 
creases were apparent in both types of non-social rearing. 
There were also decreases in upright defensive postures and 
increases in cringing, the latter appearing to account for the 
increased duration of timidity at this dose. The alcohol- 
induced behavioural changes at the 2.0 g/kg dose were prob- 
ably non-specific; for example, all bipedal postures (ele- 
ments requiring high levels of motor coordination) were 
markedly suppressed. It was therefore unlikely that the de- 
crease in upright defensive postures signified reduced ‘‘anx- 
iety’’, although various workers have made this claim follow- 
ing similar observations at these doses (reviewed in ref. 3). 
Interpretation is difficult, however, because not all the evi- 
dence is indicative of non-specific sedation; there were, for 
example, no increases in immobile squatting or decreases in 
ambulatory behaviour such as approaching the partner and 
exploring the arena (although the latter is unlikely to be a 
satisfactory indicator of motor capability). 

In female mice, the BAC at the highest dose was 243 
mg/100 ml (mg%) well below a lethal level for this species 
(ca. 800 mg%). The observed behavioural effects at the low- 
est dose occurred when concentrations of alcohol in the 
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blood were extremely low (34 mg%); similar effects were no 
longer seen when BACs were elevated to 94 mg%. Although 
BACs progressively increased with increasing dose, there 
was not a direct proportional relationship between the quan- 
tity administered and the levels detected in the blood. For 
example, the BAC of 243 mg% obtained 20 minutes after the 
2.0 g/kg dose was much more than 4 times the level of 34 
mg% following 0.5 g/kg (i.e., 136 mg%). The same finding 
was apparent whenever a similar dose range was employed 
in a variety of subjects, including isolated males [34], 
group-housed males [34] and isolated females [36]. This 
seemingly indicates lower relative elimination rates follow- 
ing higher doses of alcohol; elimination rates calculated from 
BAC curves also appear lower following high IP doses of 
alcohol, but statistical significance could not be attached to 
these findings [3]. 

BACs after 20 minutes in group-housed male and female 
mice showed no sex differences at either 1.0 or 2.0 g/kg (data 
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for males is given in [34]; at the lowest dose, however, levels 
were significantly higher in males (p<0.002). The latter find- 
ing contrasts with the situation reported for humans, where 
females develop higher BACs following the same dose of 
alcohol. Generalizations cannot readily be made, however, 
since only a single interval between alcohol administration 
and removal of blood samples was employed in the present 
study. The results do, however, indicate that the different 
behavioural responses of male and female mice to the low 


dose of alcohol may partially arise from gender differences in 
BACs. 
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CHIARAVIGLIO, E. AND M. F. PEREZ GUAITA. The effect of intracerebroventricular hypertonic infusion on sodium 
appetite in rats after peritoneal dialysis. PHYSIOL BEHAV 37(5) 695-699, 1986.—Sixty minute peritoneal dialysis (PD) 
against isotonic glucose decreased sodium concentration [Na*] in serum and cerebrospinal fluid (CSF) to 14% and 7% of 
their initial values, respectively. About 3 to 4 hours after PD, [Na*] began to increase slowly, reaching the initial level 24 hr 
afterwards. Central restoration of Na* was made by infusing isotonic or hypertonic fluid into the 3rd brain ventricle (3BV) 
of rats at different times after dialysis. Continuous infusion (1 yl/hr) of artCSF, 150 mM Na‘, from —1 to 24 hr after PD 
decreased sodium intake as compared with uninfused control or control receiving Na*-free infusate or distilled water. 
Hypertonic central sodium infusions (1 ul/hr) administered from —1 to 8 hr after PD, did not modify sodium intake; 
however an infusion made from 8 to 24 hr or from 16 to 24 hr post-dialysis decreased sodium intake by 38% and 67%, 
respectively. The volumes of sodium ingested were compared with those of the same animal infused with CSF 150 mM 
Na’. The results suggest that the fall in CSF [Na*] after sodium depletion by itself does not seem to be a critical factor in the 


onset of specific sodium appetite. 


Cerebrospinal fluid Electrolyte physiology 


Sodium appetite 


Peritoneal dialysis 





THE onset of specific sodium appetite as a result of body 
sodium loss is slow. In rats it has been shown that acute 
sodium depletion by peritoneal dialysis (PD) produces sud- 
den and significant sodium deficit in serum within half an 
hour, however, sodium appetite appears only after 20-24 hr 
after PD [5]. This delay was also observed when sodium loss 
was induced by a sodium-deficient diet in rats and humans 
[6], by a parotid fistula in sheep and goats [3,12] and by 
extracellular fluid sequestration produced by subcutaneous 
injections of polyethylene glycol [10] or formalin [14] in rats. 
Sodium depletion by PD was associated with a drop in blood 
volume and serum sodium concentration in rats [5]. How- 
ever, Na* concentration in the extracellular fluid does not 
seem to have a direct effect on sodium appetite which per- 
sisted even though serum Na’* and blood volume returned to 
normal values [5]. In sheep depleted of sodium by parotid 
salivary loss, sodium intake was reduced by increasing 
sodium concentration in the cerebrospinal fluid (CSF), and 
enhanced by lowering CSF Na* by intracerebroventricular 
(ICV) infusion of mannitol [13], a finding that has not been 
observed in rats [4]. The aims of the present work were: first, 
to study the time-dependent profiles of changes in sodium 
and potassium concentration in CSF and serum from 0 to 24 
hours after peritoneal dialysis and second, to evaluate the effect 
on sodium appetite of infusing isotonic or hypertonic fluids into 
the third brain ventricle (3BV) at discrete periods after 
peritoneal dialysis. 





METHOD 


The experiments were carried out on adult male albino 
rats, weighing 250-350 g at the beginning of the experiment. 
The rats were maintained under artificial lighting conditions 
(14 hr light, 10 hr dark), temperature near 23°C and had free 
access to food and water. 


Sodium Depletion by Peritoneal Dialysis 


Animals were treated with an intraperitoneal injection of 
5% glucose solution warmed at 37°C, in a volume equivalent 
to 10% of the rat body weight (b.wt.). After one hour, the 
ascitic fluid was recovered by inserting a needle through the 
abdominal wall into the peritoneal cavity. The amount of 
NaCl withdrawn by this method was 0.84+0.02 mM/100 g rat 
(mean+SE N=18) [5]. The dialyzed rats, which were caged 
individually without food and with distilled water as the only 
drink, received 3BV infusions as described below. 


Samples Collection 


The animals were anesthetized with tribromoethanol (200 
mg/kg) and placed in a sterotaxic instrument in the nose 
down position. This arrangement allows easy access to the 
cisterna magna. At the time of sampling a needle attached to 
a piece of PVC tubing was placed in the cisterna magna. The 
CSF was allowed to drain by gravitation. Samples contami- 
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nated with blood were discarded. Blood samples were col- 
lected simultaneously from the jugular vein. Samples of CSF 
and blood were taken at 0, 0.5, 1, 4, 14 and 24 hr after PD in 
six groups of 12 animals each. Samples were stored frozen 
until sodium and potassium concentration was measured. 


Surgery 


Under tribromoethanol anesthesia the rats were im- 
planted into the 3BV with a 15 mm length and 0.6 mm o.d. 
stainless steel guide cannula according to the Konig and 
Klippel stereotaxic. coordinates [7]. The cannula was 
anchored with a screw and fixed to the skull by dental ce- 
ment. Animals were allowed a week to recover. 


Perfusion Fluid 


The composition of the perfursion fluid was similar to 
endogenous CSF. The concentrations of the various compo- 
nents in mM/liter for the artificial CSF were as follows: 
NaCl,. 130; KCl, 2.8; CaCl, 1.2; MgCl, 1.0; NaCO;H, 20; 
NaPO,H,, 0.5. Isotonic artCSF had a Na* concentration of 
150 mM/I [2]. Sodium free infusate was made as artCSF, 
omitting NaCl and adding glycerol to reach 300 mosm/kg 
H,O. Hypertonic artCSF was made by adding excess sodium 
chloride to the fluid so that the Na* concentration was 225 or 
445 mM/1. 


Infusion Procedure 


Continuous infusion lasting 24 hours (long term infusion) 
was made by means of an osmotic minipump (MP) Alzet, 
delivering | ul/hr. The MP was implanted under light etheri- 
zation under the loose skin of the back and was connected by 
a PV catheter to a stainless steel injector that fitted into the 
chronically implanted guide cannula. One hour after MP im- 
plantation the animals were depleted of sodium by PD as 
described. Twenty four hours later the infusion was stopped 
by pulling out the injector. Three groups of rats were submit- 
ted to this procedure: group | received artCSF, 150 mM 
Na*; 3.6 uM total Na*; group 2 was given Na’*-free infusate 
and group 3 distilled water. The same rat implanted with an 
empty used MP served as control. Short term infusions were 
made for various periods between —1 to 24 hr after PD by 
means of an infusion pump delivering | yul/hr. The injector, 
fitted into the chronically implanted cannula, was connected 
to the pump through a PV catheter. Three groups of rats 
received short term infusions: (1) from —1 to 8 hr post- 
dialysis, 450 mM Na‘ infusate; (2) from 8 to 24 hr post-PD, 
225 mM Na‘ infusate; (3) from 16 to 24 hr post-PD, 450 mM 
Na* infusate. Sodium concentration in the hypertonic infu- 
sate was calculated to deliver a total amount of 3.6 uM of 
Na* whatever the length of the period infused. Each rat was 
infused under the same schedule with artCSF, 150 mM Na’. 
During infusion, the animals were unrestrained, moving 
freely within a metabolic cage, having no food and only dis- 
tilled water to drink. 


Intake Test 


Twenty four hours after PD, the animals received a two- 
bottle choice test of 1.8% NaCl and distilled water. The in- 
take volumes were measured at 15, 30, 60 and 120 minutes 
and expressed as ml by 100 g of rat body weight. 


Urine Collection 


The urine spontaneously excreted during the infusion 
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FIG. 1. Percent of changes from initial value in CSF and serum [Na] 


and [K] in six groups of rats at different times after sodium depletion 
by peritoneal dialysis. Mean+SE. 
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FIG. 2. Effect of continuous infusion (1 yul/hr) into the 3rd ventricle 
of artCSF, 150 mM Na,* Na* free infusate and distilled water from 
—1 to 24 hr after sodium depletion by peritoneal dialysis, on two 
hours intake of 1.8% NaCl solution. Mean+SE. ANOVA: C vs. 
CSF, 150 mM Nat’, F(1,8)=12.5, p<0.001; CSF, 150 mM Na* vs. 
distilled water, F(1,8)=6.1, p<0.05; CSF, 150 mM Na‘ vs. Na* free 
infusate, F(1,9)=5.7, p<0.05. 





SODIUM APPETITE OF RATS 


TABLE | 


EFFECT OF SODIUM DEPLETION BY PERITONEAL DIALYSIS ON CSF AND SERUM Nat AND K* 
CONCENTRATION IN SIX GROUPS OF RATS AT DIFFERENT TIMES AFTER PERITONEAL DIALYSIS 





Cerebrospinal Fluid 
Hours 
post-PD 


Na*t(mM/l) K*(mM/1) 


Serum 


Na*t(mM/I) K*(mM/l1) 





139.5 + 0.93 2.69 + 0.03 
7133.7 + 0.71** 2.66 + 0.02 
$130.3 + 1.08** 2.55 + 0.03* 
$128.9 + 0.47** 2.59 + 0.05 
4132.2 + 0.58** 2.53 + 0.03** 

136.1 + 0.84* 2.80 + 0.06 


130.8 + 0.74 4.63 
$115.1 2 1.29** 4.69 
$112.4 + 1.00** 4.97 
$113.1 + 0.82** 5.55 
$121.2 + 0.77** 4.85 

129.8 + 1.00 5.09 


0.14 
0.08 
0.10* 
0.13** 
0.13 
0.13* 


I+ I+ I+ I+ 
++ t + H 





Mean + SE. 
**p<0.001, *p<0.01, Versus 0 hr. 


tp<0.001, +p<0.01, Versus 24 hr. paired Student r- 


period was collected and the volume expressed as ml by 100 
g of rat body weight by hour. Urinary sodium and potassium 
concentration were measured by an atomic absorption spec- 
trophotometer. 


Cannula Location 


After each rat had been used as experimental and control 
subject, they were killed by an overdose of ether and the 
brain fixed for verification of cannula placement. 


Statistics 


All data are presented as the means+SE. Statistical sig- 
nificance was determined using a one-way analysis of vari- 
ance and paired Student’s f-test with 95% confidence limit. 


RESULTS 


Thirty minutes after PD, CSF Na* concentration de- 
creased significantly, the lowest value was observed 4 hr 
after PD. The profile of changes in CSF Na* after PD 
showed that there was a rapid decrease, followed by a period 
of slow recovery (Fig. 1). 

Serum Na* showed similar pattern than CSF, with a more 
marked decline and a faster recovery. Twenty four hours 
after PD, CSF Na* was 1.5% below its initial level whereas 
serum Na* almost reached the initial value even though the 
rats did not have access to sodium salts. Cerebrospinal! fluid 
K* concentration significantly decreased from 0 to 24 hr 
after dialysis, whereas serum K* increased (Table 1, Fig. 1). 

In the long term infusion experiment (—1 to 24 hr after 
PD) 24 wl or 150 mM Na* infusate were placed in the third 
ventricle (0.15 4M/pl). This infusion significantly (p<0.001) 
decreased the intake of the control group (2.6+0.4 ml/g b.wt. 
vs. 4.2+0.5 ml/g b.wt. (Fig. 2). The sodium intake in the 
group infused with Na*-free infusate or distilled water did 
not show a significant difference with the control group in 
which no infusion was made. No significant volumes of 
water intake occurred in these animals. 

In the short term infusion experiments, the animals in- 
fused with hypertonic CSF (450 mM Na*) for —1 to 8 hr after 
PD drank 5.5+0.9 ml/100 g b.wt. of a 1.8% NaCl solution in a 
test of 2 hours. 

The same animals infused with CSF containing 150 mM 


test. 


Na?* drank 4.5+0.3 ml/100 g b.wt. of sodium solution (Fig. 
3). During the infusion peirod the rats drank more water than 
controls and excreted less urine with low sodium content 
(Table 2 and 3). The infusion of 225 mM Nat‘ from 8 to 24 hr 
post-dialysis decreased sodium intake by 38%. The volume 
ingested was 2.8+0.4 ml/100 g b.wt. Compared with the vol- 
ume of NaCl ingested by the control group (4.5+0.3 ml/100 g 
b.wt.) the difference was significant, F(1,10)=8.76, p<0.05 
(Fig. 3). During infusion the animals drank less water and 
excreted more urine with low sodium concentration in com- 
parison to control animals (Table 2 and 3). 

The infusion of artCSF (450 mM Na*) from 16 to 24 hr 
after PD decreased sodium intake by 67%. The volume of 
sodium ingested was 1.5+0.5 ml/100 g b.wt. Compared with 
the sodium ingested by the control group, 4.5+0.3 ml/100 g 
b.wt., the difference was significant, F(1,12)=9.20, p<0.001. 
During the infusion period water intake, urine output, Na* 
and K* excretion were lower than those of the control 
animals, as it is shown in Tables 2 and 3. 


DISCUSSION 


Sodium concentration in cerebrospinal fluid is signifi- 
cantly higher than in serum in the intact rat. On the contrary, 
potassium concentration is lower in CSF than in serum. 
Thirty minutes after injection of isotonic glucose, sodium 
concentration dropped in both fluids. The changes in Na* 
and K* concentration were less marked in CSF than in serum, 
perhaps due to the existence of mechanisms protecting the 
brain from sudden ionic changes [15]. In serum, the maximal 
drop in Na* happened one hour after dialysis, and in CSF it 
happened three hours later. Sodium concentration started rais- 
ing afterwards, and returned to the initial level 24 hr follow- 
ing dialysis even though the animals had no access to sodium 
salts, supporting the hypothesis of the Na ‘‘reservior’’ [11]. 
A decrease in sodium concentration in muscle and bone fol- 
lowing intraperitoneal isotonic glucose injection in the rat 
has been reported [16]. These tissues could be the Na* 
donors. 

The increase in serum K* concentration after PD seen in 
Table 1 and Fig. 1 is consistent with the finding that K* is 
released from tissues like muscle to maintain the plasma K* 
concentration at normal or slightly high levels [16]. 

Infusion of normal artCSF into the 3BV starting one hour 
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FIG. 3. Effect of continuous infusion of hypertonic fluid (1 yl/hr) into the 3rd 
ventricle of rats at different time intervals after sodium depletion by PD, on the 
intake of 1.8% NaCl offered 24 hr after dialysis. Control value is the mean in- 
take from the same rats infused with CSF, 150 mM Na*. Mean+SE. *p<0.001, 
Student's t-test, compared with the control group. 


TABLE 2 


THE EFFECT OF ICV INFUSION OF HYPERTONIC CSF AT A RATE 
OF I zV/hr AT DIFFERENT TIME INTERVALS AFTER SODIUM 
DEPLETION BY PERITONEAL DIALYSIS, ON FLUID INTAKE AND 
URINE EXCRETION 





Controls CSF isotonic 
Drinking Urine 

ml/100 g ml/100 g 
bw/hr™ bw/hr7! 


Hypertonic infusate 
Drinking Urine 
ml/100 g ml/100 g 
bw/hr-! bw/hr7? 


Infusion 
time post- 
dialysis 





—-lto 8hr *0.8 + 0. oS fe , 0.2 0.9 + 0.2 
N =5 
8 to 24 hr 1.1 . 0.7 + 0.1 x 0.2 0.9 + 0.2 
N = 6 

16 to 24 hr 6.9+0.2 05+0.1 6+ 0.1 0.2 + 0.1 
N =7 





The same rats infused with CSF, 150 mM Na* were used as con- 
trol. 


*Mean + SE. 


before PD and for the next 24 hr decreased Na* intake. It is 
likely that continuous central restoration of sodium partially 
stimulates the satiety signal. The stimulus appears to be 
Na*-mediated, since Na* intake was not affected by either 
Na*-free artCSF nor by infusion of distilled water. It has 
been shown that Na*-free infusion did not enhance sodium 
appetite in the rat [4], as it had been reported for sheep [13]. 
These results support the idea that changes in CSF sodium 
concentration are sensed by central receptors located near or 
in the walls of the third ventricle [8,13]. 

Infusion of hypertonic CSF at the time of maximal drop in 
serum and CSF Na* concentration (—1 to 8 hr after PD) was 
carried out to check whether restoration of Na* during this 


TABLE 3 


THE EFFECT OF ICV INFUSION OF HYPERTONIC CSF AT A RATE 

OF | wV/hr AT DIFFERENT TIME INTERVALS AFTER SODIUM DE- 

PLETION BY PERITONEAL DIALYSIS, ON URINE Na* AND K* 
EXCRETION 





Control CSF isotonic Hypertonic infusion 


Infusion 
time post- Na*yuM Na*yuM Na*yM Na*yuM 
dialysis /hr /hr /hr /hr 





—lto 8hr 
N = 5 
8 to 24hr pee ee 
N = 6 

16 to 24 hr 49.4 + 
N =7 


*133.3 + 54.8 99.6 + 39.6 60.3 + 27.0 41.4 + 13.4 


35.3 42.8 + 17.9 53.6 + 24.4 70.6 + 20.0 


17.2 34.2 8.9 10.8 6.9 21.4+ 69 





The same rats infused with CSF 150 mM Na* were used as 
control. 


*mean + SE. 


critical period could inhibit or decrease sodium appetite, as- 
suming that the hypertonic CSF would reach the hypotha- 
lamic Na* sensors located near the third ventricle and stimu- 
late satiety. However, that was not the case. Sodium intake 
was not affected, suggesting that the signal for sodium de- 
pletion was not central in this case. During the hypertonic 
infusion these animals drank more water and excreted less 
urine than the controls, keeping a positive water balance as 
can be seen in Table 2. Perhaps infusion of hypertonic CSF 
activated a central osmo-regulatory system which induced 
water intake in spite of the dilution of the extracellular fluid, 
as can be inferred from the hematocrit value [5]. 
Hypertonic CSF infused 8-24 or 16-24 hours after PD 





SODIUM APPETITE OF RATS 


decreased sodium intake. Injection of merely 3.6 wm of Na* 
were enough to stimulate sodium satiety, suggesting that at 
this time the signal for Na* depletion was central. These 
infusion periods coincided with the period in which serum 
and CSF sodium concentration started raising and returned 
to the initial level. In a previous study we had reported the 
paradoxical finding that sodium appetite became evident 
10-12 hours after PD and reached the highest volume of 
ingestion at 16-24 hours, when serum Na* concentration had 
returned to normal [5]. 

The results of the present experiments may be explained 
by a conceptually simple mechanism. Peritoneal dialysis 
could affect organs of the splanchnic circulation like gastro- 
intestinal tract and liver. The splanchnic blood may suffer a 
great reduction in sodium content as can be inferred from 
Fig. 1. Since there are evidences that there exist Nat- 
sensitive nerves in the liver which can be activated before 
central sensors are called into play (see [9] for a review) it is 
likely that the signal for sodium depletion is peripheral at this 
time. Thus, high-Na* CSF infusions would be irrelevant 
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under these circumstances. With the restoration of periph- 
eral Na* balance (see Fig. 1) hepatic Na* sensitive nerves 
may alter their rate of firing [1]. The central Na* receptors 
would become operative and thus high-Na* CSF infusion 
would be effective in inducing a decrease in sodium intake. 
In conclusion, these experiments indicate that after Na* 
depletion by PD, CSF-Na* concentration drops suddenly 
and slowly returns to the initial level during a period of 24 hr. 
Intracerebroventricular infusion of hypertonic fluid at the 
time of maximal fall in CSF-Na* concentration did not affect 
sodium intake, while infusion made during recovery of Na* 
concentration significantly decreased sodium intake. 
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CLIFTON, P. G., R. J. ANDREW AND C. R. RAINEY. Effects of gonadal steroids on attack and on memory processing 
in the domestic chick. PHYSIOL BEHAV 37(5) 701-707, 1986.—Testosterone is known to facilitate attack and to affect 
memory processing in young domestic chicks. The two effects are known to have very different latencies following 
subcutaneous injection of the steroid. Here we show that, in males, the effect on attack is specific to androgens and that 
estradiol is almost entirely ineffective. The facilitation of attack by testosterone is also very greatly reduced in females. By 
contrast, for the hormone-dependent changes in a passive avoidance task which reflect changes in memory and attentional 
processing, estradiol acts at much lower doses than any androgen tested and similar changes are produced by testosterone in 


both male and female chicks. 


Testosterone Estradiol Gonadal Steroids 


Attack 


Attention Memory Processing Chicken 





ADMINISTRATION of testosterone is known to have many 
effects on the behavior of young domestic chickens (Gallus 
gallus). These include the precocial facilitation of attack, 
which can be evoked either in tests with conspecifics [21] or 
with much simpler test stimuli (human hand [3]; featureless 
sphere [13]). In both cases the responses evoked include 
pecking which is a component of adult attack [21]. This ef- 
fect occurs with a minimum behavioral latency of two days 
after first administration of testosterone [13]. 

A number of effects which are not obviously a part of 
changes in aggressive or sexual behavior are also produced 
by testosterone. Since they occur in the young chick at 
plasma levels which would be well withi: the normal range 
for an adult male [6] they may also be important in modulat- 
ing normal adult behavior. They are revealed by changes in 
behavior in an open field [9], in search for food [8], in runway 
distraction tests [10] and in a passive avoidance task [7]. 
Andrew [5] has argued that a single mechanism may underlie 
many of the latter group of changes. One way of testing this 
hypothesis is to seek objective criteria, such as latency of 
action and steroid specificity, by which different tasks or test 
situations can potentially be separated. 

Here we consider two tests chosen so as to be represen- 
tative of these two groups of effects, the first on attack (as an 
example of influences on species specific behavior patterns) 
and the second on attention and memory formation. In the 
first a 37 mm diameter sphere is presented to the chick; 
behavioral responses to this simple test object which are 
facilitated in testosterone treated animals include repeated 
pecking, circling and sidling around the sphere and repeated 
ducking and raising of the head [13]. All of these behavior 
patterns are components of normal adult attack [21]. The 
second test is an adaptation of a passive avoidance task first 
described by Lee-Teng and Sherman [22], in which, follow- 


ing pecking directed at a small, foul tasting and distinctively 
colored bead, testosterone treated chicks tend to peck 
whereas controls avoid a similarly colored test bead [7]. The 
two tests have the advantage that they both involve the same 
motor response. We hoped to find differences in steroid 
specificity and dependency on the sex of the chick; any such 
differences, if present, would be unlikely to be caused by 
differences at the level of perceptual or motor mechanisms. 

Although the effects on attack and passive avoidance 
learning both result in higher rates of pecking by testosterone 
treated chicks they are likely to be dependent on separate 
mechanisms. This argument rests in part on evidence from 
the tasks themselves. In both cases it has been shown that a 
non-specific facilitation of pecking in testosterone treated 
chicks is not responsible. The increase in pecking was shown 
to be dependent on stimulus size in the large sphere test for 
attack; spheres as small as those used in the passive 
avoidance task were pecked equally often by testosterone 
and control treated animals [14]. In the passive avoidance 
task pretraining (an initial non-aversive bead presentation) 
was essential in producing a difference between testosterone 
and control chicks. In it’s absence chicks given either testos- 
terone or vehicle suppressed pecking to the previously aver- 
sive bead [7], arguing against any general effect of testos- 
terone on pecking directed towards previously noxious 
stimuli. Testosterone had to be given either before or within 
30 minutes of pretraining and birds given the androgen be- 
fore aversive training but more than 30 minutes after pre- 
training showed an inhibition of pecking directed at the pre- 
viously aversive test bead that was as marked as that ob- 
served in controls [15]. 

Here we explore two further ways in which the two tests 
might differ. Firstly the relationship between steroid struc- 
ture and activity is examined in males. Testosterone can be 
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metabolised by at least three main routes in birds and the 
major metabolites may have very different effects (review: 
Massa, Bottoni and Lucini, 1983). It may be reduced to 5 
alpha dihydrotestosterone (5 alpha DHT) and other products 
of this kind. 5 Alpha DHT is a highly effective peripheral 
androgen, causing growth of both comb and wattles in 
domestic chicks [11]. Testosterone may also be reduced to 5 
beta dihydrotestosterone (5 beta DHT). This pathway, which 
is known to be especially active in young chicks [11] and in 
long term castrated doves [19], has been postulated to be an 
inactivation pathway. There are a number of reports of both 
peripheral and behavioral inactivity (quail [1]; zebra finch 
[18]; dove [20]). However there is also a report that 5 beta 
DHT may stimulate some aspects of sexual behavior 
(domestic chick [lI1]). Finally testosterone may be 
aromatised to estrogens. These compounds do not cause 
comb growth (domestic chick [26]) but there are a number of 
reports implicating them in the control of male sexual behav- 
ior (chicken [16] quail [2]). Here we examine the influence of 
testosterone, estradiol and 5 alpha or 5 beta DHT propi- 
onates in both tasks. 

A second method by which the behavioral effects of tes- 
tosterone on passive avoidance learning and attack might be 
distinguished is by comparing the effects of the androgen in 
male and female chicks. In female chicks only the very first 
stages of the development of sexual and aggressive re- 
sponses were seen at a time when males were showing full 
copulation and attack [4]. Here we compare the effects of 
single injections of testosterone enanthate or oil vehicle 
alone on the behavior of male and femal. chicks in the two 
test situations. 


METHOD 


This paper presents four independent experiments. In the 
third and fourth, groups of female and male chicks were 
compared on either the passive avoidance task or the large 
sphere. test. In the first two experiments we compared the 
responses of separate groups of male chicks given different 
doses of testosterone, 5 alpha DHT, 5 beta DHT and es- 
tradioi propionates in the two tests. 


Passive Avoidance Task 


Day old male or female Warren sex-link chicks (South- 
down Hatcheries, Uckfield) were separated into pairs on ar- 
rival in the laboratory. The birds can be sexed at hatching by 
conspicuous differences in down color. They were placed in 
open-top cages (202520 cm) illuminated and warmed 
from above by opal 25 watt incandescent light bulbs. The 
experimental room was maintained at 23-25°C. In order to 
distinguish the members of a pair one was marked on its head 
with black ink. Small white, red and blue beads were used as 
test stimuli. The colored beads were matched for shape and 
size (6x4 mm) and mounted on stiff steel wires (0.9 mm 
dia.). The white bead was a sphere of 3 mm diameter and 
mounted in the same way. They were presented to the birds 
for 10 second periods and the number of pecks and latency to 
first peck recorded by a keyboard attached to an AIM 65 
microprocessor (Rockwell). 

The experimental procedure consisted of four parts [7]. 
The birds were first injected with steroid or oil vehicle. 
Thirty minutes later they were pretrained by giving two pre- 
sentations of the small white bead followed by single presen- 
tations of the red and blue beads. Each presentation was 
separated from the next by 5 minutes. Two hours after pre- 
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training the birds were trained on a red bead that had been 
dipped into methyl anthranilate (Hopkins and Williams), an 
oily liquid that chicks find distasteful [22]. Three hours after 
training, the birds were tested by presenting them first with a 
clean red bead and, 5 minutes later, a clean blue bead. 

The results were analysed by first discarding the scores 
for any chick that failed to peck the bead during training. 
Initial group sizes were 20 in all the experiments reported 
here and no more than 2 chicks were discarded from any one 
group. We used analysis of variance to assess the signifi- 
cance of changes in pecking scores. Although the data had a 
somewhat skewed distribution which was corrected by a 
square root transformation this procedure had no effect on 
the interpretation of the results so we report analyses based 
on the raw data. 

Testosterone was given as the enanthate (Sigma: 12.5 mg 
in 0.05 ml arachis oil/chick) in the male/female comparison. 
Birds ia the male only experiment were given one of the 
propionates of testosterone, 5 alpha DHT, 5 beta DHT or 
estradiol dipropionate (Steraloids, Croydon, U.K.). Doses 
ranged from 10 ng to 1 mg per chick made up into 0.05 ml 
arachis oil and were injected subcutaneously into a ventral 
fold of skin over the ribcage using a Hamilton repeating 
syringe to ensure accuracy of dosage. 


Large Sphere Tests 


Male and female chicks from the same hatchery were 
collected on the day of hatching and placed in groups of 6, 
with food and water provided, for about 3 hours. After this 
period, which ensures that the young birds learn to feed and 
drink rapidly, they were isolated from each other and placed 
in their home cages (as above). Water was provided from a 
small cage bird fountain fixed on one wall and food (BOCM 
chick starter crumbs) scattered on the cage floor. 

The test object was a 37 mm seamless white ping pong 
ball (Lilleywhite special) mounted axially on a stiff steel wire 
(0.9 mm). After introduction into the chick’s home cage the 
sphere was moved to within 5 cm of the chick’s head and 
centered directly in the binocular field of view. A single pre- 
sentation lasted 5 seconds and was timed by a second exper- 
imenter to whom the observed dictated a record of the 
chick’s behavior. Each presentation was part of a series of 
six, which together made a single test. Since each presenta- 
tion was separated from the next by 5 seconds a single test 
lasted 1 minute. The first observer was unaware of the 
steroid treatments given to the birds, although at three days 
it is just possible to differentiate the birds on the basis of 
comb and wattle changes. 

A full catalogue of the responses recorded is given 
elsewhere [13]. Here we are mainly concerned with pecking 
of the sphere. In addition we analysed avoidance behavior. 
This included crouching, backing away from the sphere 
while holding binocular fixation and turning and then either 
moving (i.e., walking) or running away. A score for each bird 
was obtained in each test by summing the number of presen- 
tations on which a particular pattern was observed. These 
scores were then analysed using standard parametric 
methods (pecking) or, in the case of rather rare responses, by 
simply considering presence or absence of response in each 
individual on a particular test. 

On day 2 the birds were given a single subcutaneous in- 
jection of a steroid or the oil vehicle (0.05 ml arachis oil). The 
range of steroids was as described for Experiment 1, al- 
though pilot studies had indicated that, at least for the 
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FIG. 1. Passive avoidance task. The mean number of pecks (with associated standard error) at the 
red, previously aversive test bead are shown for the six dosage levels. The final bar shows the 
mean number of pecks, across all dosages of that steroid, directed at the blue bead. All chicks 
were male and steroid treatment was as follows: E=estradiol dipropionate; T=testosterone 
propionate; 5=5 alpha dihydrotestosterone; 5=5 beta dihydrotestosterone. In each case the dose 
of the steroid was administered in 0.05 ml arachis oil. 


androgens, only a restricted range of doses (0.62 mg to 10 
mg) need be used. Since estrogens are known to be behav- 
iorally effective at much lower plasma levels an extended 
dose range was used (0.01 mg to 2.5 mg). As before these 
were chosen to form an exponentially increasing series. 
Group sizes ranged between 7 and 13, except that for the 3 
highest doses of 5 beta dihydrotestosterone a replication 
gave group sizes of 16 (2 mg, 5 mg) and 19 (10 mg). The 
animals were tested on day 4, 3 days after steroid treatment 
because earlier experiments had indicated a minimum behav- 
ioral latency of 2 days [13]. 

In the case of the comparisons between males (M) and 
females (F) the birds were given either 12.5 mg of testosterone 


enanthate (T) or 0.05 ml arachis oil (C) on day 2 and tested on 
days 4 and 5. Group sizes were 9 (FC), 12 (MC), 10 (FT) and 
12 (MT). 


RESULTS 
Passive Avoidance Task—Steroid Specificity in Male Chicks 


The results, which are plotted in Fig. 1, show an unam- 
biguous result. Estradiol dipropionate reduced avoidance in 
this task at a dose as low as 100 ng per chick, whereas neither 
testosterone nor 5 alpha DHT propionates had a similar ef- 
fect until a dose of 0.1 mg per chick. 5 Beta DHT showed 
only a slight decrease in avoidance with increasing dose. An 
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FIG. 2. Large sphere. The mean number of pecks (with standard error) at the large 
white sphere on day 4 are shown. The symbols are as in Fig. 1 and in addition two 
reference groups are repeated on each panel. The right hand group was given 12.5 mg 
testosterone enanthate and the left hand group 0.05 ml oil vehicle (note that these two 
groups are repeated for ease of visual comparison only and are not separate rep- 


lications). 


analysis of variance was performed on the complete data set 
giving significant main effects of dose, F(5,446)=3.71, 
p=0.03, and type of hormone treatment, F(3,446)=5.72, 
p<0.001, with, in addition, a significant interaction between 
dose and hormone type, F(5,446)=2.08, p<0.01. Subsequent 
paired comparisons between the estradiol and testosterone 
groups were significantly different at doses of 0.1, 1 and 10 
micrograms, t(20)=2.2, 3.01, 2.9; p<0.05, p<0.01, p<0.01 
respectively. A similar analysis on pecking at the blue ‘‘neu- 
tral’’ test bead gave no significant main effects or interac- 


tion. Figure 1 therefore simply shows the mean pecking rate 
at blue, for each steroid used, demonstrating the clear inhi- 
bition of pecking to the red bead at low doses of each steroid. 


Large Sphere Test—Steroid Specificity in Male Chicks 


The pattern of results (Fig. 2) shows a quite different 
pattern to that for the learning task aobove. Testosterone, 5 
alpha and 5 beta DHT propionates show dose related in- 
creases in pecking at the large sphere, F(4,44)=2.41, p<0.01; 
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TABLE 1 





T D Beta E 





(2.5) 0.42 , 0.50 0.41 
(1.25) 0.42 ; 0.42 0.20 
(0.31) 0.50 ‘ 0.45 0.55 
(0.08) 0.70 ; 0.30 0.30 
(0.02) 0.55 ’ 0.33 0.22 





The proportion of oil control birds showing avoidance was 0.47 
(95 percent confidence interval (0.347, 0.603]). The steroid doses are 
given in mg with the first figure denoting the 3 androgens and the 
bracketed figure the estrogen. The raw data from which this table 
was formed was treated as a three dimensional contingency table in 
the analysis discussed in the text. 


F(4,43)=1.50, p<0.05; F(4,62)=1.66, p<0.05. There was 
no overall effect in the case of estradiol dipropionate, F(5,53) 
=0.50, ns. Subsequent paired comparisons between 
steroid treated and the oil control group showed a significant 
elevation in groups given 12.5 mg testosterone enanthate, 10 
or 5 mg of TP, 5 mg alpha DHT and 5 mg beta DHT (¢=4.38, 
p<0.001; 1=2.39, p<0.05; t=2.37, p<0.05; 1=2.89, p<0.05; 
t=2.36, p<0.05). However it is also clear from the figure that 
none of the propionate treatments gave a facilitation as clear 
as that for testosterone enanthate; indeed the means for 12.5 
mg testosterone enanthate and 10 mg testosterone propio- 
nate, the most closely matched groups in terms of absolute 
dosage, were significantly different (¢=2.09, p<0.05). 

Avoidance behavior (made up of the categories crouch, 
back, move or run away) was no more common in the testos- 
terone groups than in controls. Table 1 shows the propor- 
tions of birds showing avoidance in one or more presenta- 
tions. When the table was treated as a three dimensional 
contingency table [17] the overall chi-square value for a 
model with an effect of the last factor but not the first two 
was well below significance, x*(38)=30.71, p=(0.5,0.3). The 
absence of even marginally significant effects suggests that 
interactions between pecking and avoidance are not impor- 
tant in explaining the behaviour of these animals. Measures 
of comb growth replicated the report of Balthazart and 
Hirschberg [11]. Testosterone and 5 alpha DHT propionates 
caused a clear, dose related growth and reddening, 5 beta 
DHT had little effect and estradiol caused a suppression 
below control levels at the highest dose. 


Passive Avoidance Task—Male/Female Differences 


Figure 3 presents the data for pecking at the previously 
aversive red test bead. Analysis of variance gave a highly 
significant effect of hormone treatment, F(1,74)=10.40, 
p=0.002, and non-significant effects of sex and sex by hor- 
mone treatment, Fs(1,74)=2.04 and 0.001 respectively. As in 
the first experiment there were also no significant effects on 
the blue bead test. The suggestive but non-significant overall 
effect of sex seen in Fig. 3, with females pecking less, is one 
that was replicated in a more extensive series of experiments 
using free steroid injections [24]. We can therefore conclude 
that testosterone produces essentially the same effect in this 
task in male and female chicks, 


Large Sphere Task—Male/Female Differences 


Pecking, again by far the most common single response to 
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FIG. 3. The passive avoidance task in male and female chicks. The 
mean number of pecks (with associated standard errors) directed at 
the red, previously aversive test bead by male and female chicks 
given either 12.5 mg testosterone enanthate (T) or 0.05 ml arachis oil 
alone (C) is shown. 


the stimulus, is plotted in Fig. 4. There were highly signifi- 
cant effects of sex, F(1,42)=21.35, p<0.001, and hormone 
treatment, F(1,42)=10.71, p=0.002. The mean rate of peck- 
ing, even in testosterone treated females, only just reached 
male control levels. The relatively high level of pecking in 
male controls on the first test has been observed on several 
previous occasions and disappears on repeated testing. This 
was true of the second test in this experiment and in the 2nd 
experiment of Clifton and Andrew [15]. Here it led to a sig- 
nificant effect of trial number, F(1,42)= 16.69, p<0.001, and 
an interaction between trial, sex and hormone treatment, 
F(1,42)=4.51, p=0.039. At this second test there was a 
highly significant difference between male testosterone and 
control chicks but no differences betweeen the remaining 
groups. As in the previous experiment there were no signifi- 
cant hormone or sex dependent changes in avoidance behav- 
ior. 





CW 





Mean number of pecks 


LARABABRASVEAAT——" Ze, 


LRABBRBEREY —— Cee 























inn 


ist 2nd 1st 





2nd 


Female Male 

FIG. 4. The large sphere task in male and female chicks. The mean 
number of pecks (with standard error) directed at the large sphere by 
groups of male or female chicks given either 12.5 mg testosterone 
enanthate (T) or 0.05 ml arachis oil (C) is shown. Tests were given 
on Day 4 (Ist trial) or Day 5 (2nd trial). 


DISCUSSION 


It seemed possible before we commenced this series of 
experiments that the underlying mechanisms by which tes- 
tosterone influences attack and memory processing were 
separate. This had been suggested by the very different 
latencies of action following subcutaneous injection; 2 days 
for attack [13] but only 15 minutes for memory processing 
[15]. These experiments were designed to uncover further 
differences and demonstrated an androgenic facilitation of 
attack which was only present in male chicks (Experiments 2 
and 4). In contrast effects on the passive avoidance task 
were primarily estrogenic (Experiment 1) and were present 
‘for testosterone) in both male and female chicks (Experi- 
ment 3). In addition Rainey [24] demonstrated, using the free 
steroid, that females are also responsive to estradiol at dose 
levels markedly lower than for testosterone. 

In both test situations pecking of a test stimulus was 
facilitated in the testosterone treated groups, and it might be 
argued that a general facilitation of this response had been 
produced. The introduction provided several pieces of evi- 
dence that were not consistent with this view and the finding 
that estradiol facilitates pecking in only the passive 
avoidance task and in both male and female chicks also 
argues strongly against this view. In males estradiol di- 
propionate was effective at much lower doses than the three 
androgens that were tested. In a series of experiments using 
free steroids and both male and female chicks Rainey [24] 
found an exactly comparable difference in_ relative 
thresholds although the absolute thresholds were substan- 
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tially lower in each case. Thus is seems unlikely that differ- 
ences in steroid availability explain the results since the 
solvent (dimethylacetamide [24]) also differed from that used 
in the present experiments. It seems likely from these results 
and from studies in which the estrogren receptor blocker 
MER25 was shown to block the passive avoidance effects 
(Clifton, unpublished) that interactions with estrogen recep- 
tors are crucial. 

Young and Rogers [26] reported that, in hand tests, male 
chicks treated with 9 daily injections of testosterone or 5 
alpha dihydrotestosterone showed increased sparring and 
pecking. Estradiol or androstenedione were ineffective. Our 
data are also consistent with the view that testosterone or 5 
alpha reduced metabolites modulate attack in chickens. It is 
not yet known whether testosterone must be metabolised by 
the 5 alpha route: reliable inhibitors of the 5 alpha reductase 
system such as 17 beta carboxylic acid [12] are now becoming 
available and should allow this point to be resolved. How- 
ever the difference in effectiveness observed here between 
similar doses of testosterone propionate and the longer last- 
ing testosterone enanthate suggest that whatever metabolite 
is involved must not only be given several days before a 
behavioral effect becomes apparent but must also be present 
for a protracted period. Hutchison and Steimer [19] 
suggested that metabolism of testosterone to 5 beta deriva- 
tives acts as an inactivation mechanism. Since we obtained a 
significant relationship between the administered dose of 5 
beta dihydrotestosterone and attack our data are not fully 
consistent with this position and support the finding of 
Balthazart and Hirschberg [11] of some behavioral activity in 
young chicks. 

Testosterone, even given as the highly effective 
enanthate, did not significantly facilitate attack pecks in 
female birds. Similarly, in the hand test Andrew [4] reported 
that although testosterone treated females show enhanced 
visual fixation, they show little other response in tests for 
sexual behavior. This sex difference may result from demas- 
culinisation caused by fetal production of gonadal steroids. If 
so it would be of great interest to know whether the time 
course parallels that for the demasculinisation of copulation 
reported by Wilson and Glick [25]. 

Although the facilitation of attack requires a long latency, 
androgen specific mechanism we cannot rule out an addi- 
tional contribution by the short latency estrogen specific 
route. Indeed if, as Andrew [5] has argued, this mechanism is 
also responsible for changes in ‘‘distractibility’’ or *‘persis- 
tence’’ it might well play an important role particularly in 
interactions between adult conspecifics. 

In conclusion, therefore, the results reported here add 
two further arguments for separate effects of testosterone on 
attack and on mechanisms influencing memory and atten- 
tion. In addition to the difference in latency with which the 
hormone acts, which is 15 minutes in the learning task [15] 
and 2 days in the large sphere test for attack [13] it is now 
clear that testosterone facilitates attack in males but not 
females and that, in these males, this is an androgenic effect. 
In the passive avoidance task the effects are as clear in 
females as in males and are estrogenic. 
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STODDARD, S. L., V. K. BERGDALL, D. W. TOWNSEND AND B. E. LEVIN. Plasma catecholamines associated 
with hypothalamically-elicited flight behavior. PHYSIOL BEHAV 37(5) 709-715, 1986.—Hypothalamic sites were selected 
which elicited flight (escape) behavior in the freely moving cat. Sympatho-adrenal (SA) activation was determined by 
measuring the levels of norepinephrine (NE) and epinephrine (E) in bilateral adrenolumbar and peripheral venous plasma 
following stimulation of these 29 hypothalamic sites in 18 anesthetized cats. Heart rate (HR) and mean arterial pressure 
(MAP) were continuously monitored to permit comparisons between SA and cardiovascular (CV) activation. The most 
frequent SA response was a bilateral increase in the output of NE and E from the adrenal medulla > 10 ng/min. Increases in 
MAP during hypothalamic stimulation were significantly correlated with bilateral increases in both adrenal CAs, while 
increases in HR were significantly correlated with increases in peripheral venous NE. The data suggest that hypothalamic 
regions which elicit flight behavior overlap with regions that activate the adrenal medullary and CV systems. The SA 


activation that accompanied hypothalamically-elicited escape is compared to SA activation associated with 


hypothalamically-elicited affective defense. 


Plasma catecholamines Hypothalamus 


Flight behavior Cat 


Adrenal medulla 





FLIGHT behavior, or escape, is a type of affective aggres- 
sive behavior that can be elicited by electrical stimulation of 
sites throughout the diencephalon of the cat [10,19]. This 
behavior consists of hissing, pupillary dilatation, piloerec- 
tion and active locomotor responses; the animal runs back 
and forth at the front of the testing box, jumps up at the 
corners, and attempts to escape. The other type of affective 
aggressive behavior that may be elicited by stimulation of 
hypothalamic structures is defense [9,24]. Although numer- 
ous reports have elucidated the central nervous system 
structures which control and modulate these forms of ag- 
gressive behavior, there is little information about the pe- 
ripheral physiological events which are their concomitants. 

Previously we reported sympatho-adrenal (SA) and car- 
diovascular (CV) parameters which accompanied hypo- 
thalamically-elicited defense behavior [20]. The present 
study extends our earlier work to an evaluation of various 
physiological concomitants of hypothalamically-elicited 
flight behavior. Behaviorally identified hypothalamic sites 
were stimulated, and blood samples were collected from 





both the adrenolumbar and peripheral veins. Levels of the 
catecholamines (CAs) norepinephrine (NE) and epinephrine 
(E) in these samples were used to differentiate between the 
activity of the adrenal medullary and sympathetic neural 
components of the SA response. Measurement of heart rate 
(HR) and mean arterial pressure (MAP) provided a means to 
correlate CV and SA activation. Preliminary results of this 
study have been presented in abstract form [21]. 


METHOD 


The methods employed in this study were the same as 
those used in a previous study which reported levels of 
plasma catecholamines associated with hypothalamically- 
elicited defense behavior [20]. Therefore, the following para- 
graphs describe only the primary aspects of the methodol- 
ogy. 


Elicitation of Flight Behavior 


Eighteen adult cats (14 ovariectomized females and 4 
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males; mean b.wt.=2.37 kg) were used. During aseptic 
surgery electrode guides were stereotaxically mounted on 
the skull overlying the hypothalamus (anterior 8.5—12.5, lat 
1.0-2.5). At least one week later, stainless steel monopolar 
electrodes were lowered through the guides in the un- 
anesthetized, restrained animal until electrical stimulation 
reliably elicited a hiss. The next day the behavior evoked by 
stimulation of each electrode was evaluated by testing the 
cat in an observation box in the presence of a second 
‘*target’’ cat. Electrodes were selected that elicited flight 
behavior: hissing accompanied by running back and forth at 
the front of the observation box and jumping up at the cor- 
ners; the second cat was ignored. The intensity of stimula- 
tion which reliably evoked flight behavior within 10 sec was 
defined as the ‘‘behavioral intensity’’ and ranged from 0.2- 
0.8 mA (peak-to-peak). 


Cannulation Procedure 


The animal was anesthetized with sodium pentobarbital 
(47 mg/kg; IP). Cannulae were placed in: (1) the femoral 
artery for the continuous monitoring of HR and MAP; (2) the 
atrial appendage through the external jugular vein for the 
withdrawal of peripheral blood samples; and (3) the ad- 
renolumbar veins, bilaterally, for collection of blood from 
the adrenal veins. In five of the eighteen cats, only the ad- 
renolumbar vein ipsilateral to the side of hypothalamic 
stimulation was cannulated; the contralateral adrenolumbar 
vein was ligated. 


Collection of Venous Blood Samples 


In the anesthetized animal, each behaviorally identified 
site (N=29) was stimulated for 30 sec at the intensity which 
evoked flight behavior in the awake animal. For each stimu- 
lation, continuous sequential blood samples were taken from 
the adrenolumbar vein(s) and from the atrium during four 
l-min periods: two prior to stimulation and two following 
stimulus onset. Fifty-two percent of the hypothalamic sites 
(N=15) were stimulated twice: once at the behavioral inten- 
sity and once at a standard, higher intensity (0.8 mA). 

At the completion of the experiment, a small lesion was 
made via each electrode (10 A for 3 min). The animal was 
sacrificed and perfused; the location of each electrode tip 
was determined by standard histological procedures [22]. 


FIG. 1. Composite map of stimulation sites in the hypothalamus 
which elicited escape behavior in the freely moving cat. Sites are 
plotted on drawings of coronal sections from the atlas of Jasper and 
Ajmone-Marsan [12]. Symbols indicate the type of adrenal medul- 
lary response elicited by stimulation of each site at the behavioral 
intensity. Changes in NE output are on the left of each drawing; 
changes in E are on the right. Shaded circle: increase in CA output 
= 10 ng/min; Clear circle: increase in CA output =0 but <10 ng/min; 
Circle with lines: decrease in CA output. Each circle is divided in 
halves: the left half shows the response from the adrenal gland ip- 
silateral to the side of hypothalamic stimulation; the right half shows 
the response from the contralateral adrenal gland. Half circles show 
the adrenal medullary responses in the 5 cats that had only the 
ipsilateral adrenolumbar vein cannulated (see the Method section). 
Abbreviations used: AC, anterior commissure; aHd, dorsal hypotha- 
lamic area; F, fornix; Ha, anterior hypothalamic area; Hdm, dor- 
somedial nucleus; Hp, posterior hypothalamus; Mm, medial mam- 
millary nucleus; Mt, mammillothalamic tract; OC, optic chiasm; OT, 
optic tract; POA, preoptic area; PVH, paraventricular nucleus; 
SON, supraoptic nucleus; vm, ventromedial nucleus. 





PLASMA CATECHOLAMINES AND ESCAPE 


TABLE 1 


NUMBER OF HYPOTHALAMIC FLIGHT SITES THAT EVOKED 
VARIED PATTERNS OF INCREASES IN BILATERAL ADRENAL 
CATECHOLAMINE OUTPUT AT BEHAVIORAL (0.2-0.8 mA) AND 

MAXIMAL (0.8 mA) INTENSITIES OF STIMULATION 





Intensity of Stimulation 


Maximal 
(N = 14) 


Behavioral 


Increases in CA output * (N = 24)t 





Bilateral fT NE &E 

Bilateral f E and unilateral f NE 
Bilateral ¢ NE and unilateral f E 
Bilateral f E only 

Bilateral f NE only 

Unilateral NE and E 

Unilateral ¢ E only 

Unilateral T NE only 


—— bP OCo’S 
Comer One = © 





*Increases were defined as changes in CA output = 10 ng/min. 
+Stimulation of two sites elicited no response (i.e., increases < 10 
ng/min.) 


NE and E were assayed in the plasma samples by a sensi- 
tive radioenzymatic technique utilizing catechol-O-methy] 
transferase and S-adenosyl methionine [methyl-*H] as a 
methyl donor [15]. 


Data Analysis 


Activation of the adrenal medulla which accompanied 
hypothalamically-elicited flight behavior was determined by 
comparing the absolute changes in the output of NE and E 
(ng/min) during the first minute following stimulus onset to 
the baseline mean. Cardiovascular activation was deter- 
mined by comparing the maximum absolute changes in HR 
and MAP during hypothalamic stimulation to the baseline 
mean. The activity of the sympathetic nervous system was 
evaluated by estimating the amount of NE in the peripheral 
plasma contributed by the sympathetic noradrenergic 
nerves. This value was calculated as follows: Peripheral NE 
from nerve terminals = Total peripheral NE — ((Peripheral 
E/Adrenal venous E) x Adrenal venous NE). The derivation 
of this calculation has been discussed in detail in a previous 
report [20]. 

Correlations between sympatho-adrenal and cardiovascu- 
lar variables were evaluated using Spearman’s rank-order 
correlation coefficient. Additionally, sympatho-adrenal and 
cardiovascular changes which were associated with flight 
behavior were compared to those changes associated with 
defense behavior [20] using a Wilcoxon signed ranks test and 
a Mann-Whitney analysis. Correlations and comparisons 
were judged to be significant if the associated p value was 
0.05 or less. 


RESULTS 


Stimulation of 29 sites in the medial hypothalamus evoked 
flight behavior in the awake cat (Fig. 1). Effective sites were 
located within the stereotaxic coordinates, A 14.0-8.5, lat 
0.5—3.0, and were spread diffusely through the anterior, dor- 
sal, and posterior hypothalamic areas. 

For analysis the data were separated into those responses 
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elicited by the behavioral intensity of stimulation, which was 
variable, and the uniform maximum stimulation intensity. 


Baseline Adrenal CA Output 


The mean resting secretion of CA + the standard error of 
the mean (SEM) from each adrenal gland (N=96) was 
83.5+ 11.5 ng/min for NE and 41.2+ 12.2 ng/min for E. There- 
fore, NE formed an average (+SEM) of 74.6+1.9% of the 
total baseline CA output from the adrenal medulla (range: 
17.6%-97.7%). 


Activation of the Adrenal Medulla 


Five hypothalamic sites were stimulated in five cats in 
which only the adrenolumbar vein ipsilateral to the side of 
stimulation was cannulated. The results obtained from stimu- 
lation of these sites (shown in Fig. 1) supported results ob- 
tained from bilateral adrenolumbar vein cannulations. There- 
fore, since the results from bilateral cannulations were more 
complete, only these data are discussed below. 

Hypothalamic stimulation at sites that elicited flight be- 
havior significantly altered the relative proportions of NE 
and E released by the adrenal medulla. At the behavioral 
intensity of stimulation the mean proportion (+SEM) of NE 
was reduced to 59.4%+2.7% of the total CA output; at the 
maximum stimulus intensity the percentage of NE decreased 
further to 51.5%+2.7%. However, even though hypotha- 
lamic stimulation significantly altered the proportion of CAs 
released from the adrenal medulla, the absolute output of NE 
was greater than the absolute output of E following 62% of all 
stimulations. 

Various patterns of increases in adrenal CA output were 
seen following stimulation at hypothalamic sites which elic- 
ited flight behavior (Table 1 and Fig. 1). As shown in Table 1, 
the most frequent response was a bilateral increase (>10 
ng/min) in both NE and E. Within this response type, the 
mean increases (+SEM) in NE and E at the behavioral in- 
tensity were 174.7+45.4 ng/min and 97.9+22.0 ng/min, re- 
spectively. 

Adrenal responses were also evaluated by comparing the 
increases in NE output to the increases in E output. Seven 
sites were identified which elicited greater absolute increases 
in E, while four sites elicited greater absolute increases in 
NE. Although there was no clear pattern to the distribution 
of these sites, four of the seven sites which elicited greater 
absolute increases in NE were located in the ventral portion 
of the anterior hypothalamic area. 

Although stimulation of hypothalamic sites which elicited 
flight behavior usually increased the output of adrenal CAs, 
stimulation at some sites evoked a decrease in one or both 
adrenal CAs; this occurred preferentially in the gland con- 
tralateral to the side of stimulation (Fig. 1). At the behavioral 
intensity of stimulation a decrease in NE occurred bilaterally 
at two sites (Fig. 1: A 13.5 and 10.5), ipsilaterally at three 
sites (Fig. 1: A 14.0 and 10.5), and contralaterally at six sites 
(Fig. 1: A 11.5, 11.0, 10.5, 9.5 and 8.5). A decrease in E 
occurred bilaterally at one site (Fig. 1: A 13.5) and contralat- 
erally at two sites (Fig. 1: A 10.5). 

For all stimulations, the changes in bilateral adrenal NE 
output resulting from hypothalamic stimulation were signifi- 
cantly correlated (r=0.688) with changes in bilateral adrenal 
E output. 


Activation of the Peripheral Noradrenergic Nerves 


Calculations for adjusted peripheral NE permitted com- 
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parisons between baseline and post-stimulation NE levels in 
74% of the cases (Fig. 2); these were trials in which the 
‘‘leakage’’ of CAs from the adrenal glands was not so great 
as to obscure any changes in NE from noradrenergic nerves. 
Under baseline conditions the mean amount (+SEM) of pe- 
ripheral NE contributed by the sympathetic nerves was 
66.3% +3.6%. Stimulation of hypothalamic escape sites at all 
intensities increased the mean amount of peripheral NE con- 
tributed by the sympathetic nerves to 80.6%+3.0%. 

Activation of the sympathetic component of the SA re- 
sponse was arbitrarily defined as levels of adjusted periph- 
eral NE following hypothalamic stimulation greater than 
145% of the baseline mean [18]. Using this criterion, activa- 
tion of the sympathetic nervous (SN) system accompanied 
behavioral stimulation of 35% of the escape sites and maximal 
stimulation of 33% of these sites (Table 2). As can be seen by 
comparing the left and right sides of Fig. 2, increasing the 
intensity of stimulation from behavioral to maximal at a 
single site frequently, but not uniformly, increased the de- 
gree of activation of the SN system elicited from that site. 
SN system activation was most often a concomitant of 
hypothalamically-elicited escape when the behavior was 
elicited by stimulation of the ventral part of the preoptic area 
and anterior hypothalamus (Fig. 2: A 14.0 and 13.5) or the 
border of the ventromedial nucleus and posterior hypotha- 
lamic area (Fig. 2: A 11.0 and 10.5). 


Comparison of SA and CV Parameters 


The mean (+SEM) of the maximal increases in HR and 
MAP during the 30 sec period of hypothalamic stimulation at 
behavioral intensity were 12.5+3.4 beats/min and 13.6+3.4 
mm Hg, respectively. These mean changes in CV parameters 
were relatively small despite the considerable output of ad- 
renal CAs. However, adrenal CAs were, on the whole, ex- 
cluded from the general circulation by the occlusion of both 
adrenolumbar veins. The maximal changes in HR and MAP 
during hypothalamic stimulation were tested for correlation 
with the changes in adrenal CA output and adjusted periph- 
eral NE. Increases in MAP were significantly correlated with 
bilateral increases in both adrenal CAs following stimulation 
at behavioral (NE: r=0.556; E: r=0.382) as well as maximal 
intensities (NE: r=0.544; E: r=0.517). Additionally, at the 
behavioral intensity of stimulation, increases in HR were 
significantly correlated with increases in adjusted peripheral 
NE (r=0.442). 


DISCUSSION 


Electrical stimulation of hypothalamic sites which elicited 
flight behavior in the freely moving cat also evoked a variety 
of sympatho-adrenal responses. Similar variation has been 
noted following central nervous system stimulation both in 


FIG. 2. Composite map showing increases in the level of adjusted 
peripheral NE, suggesting activation of the sympathetic nervous 
component of the SA response, following stimulation of hypotha- 
lamic flight sites. Increases are expressed as percent of baseline 
mean: Clear circle: 0-110%; One-quarter shaded circle: 111—120%; 
Top half shaded circle: 121-130%; Three-quarter shaded circle: 
131-145%; Shaded circle: > 145%. Responses at the behavioral inten- 
sity of stimulation (0.2-0.8 mA) are shown on the left of each draw- 
ing; responses at the maximal intensity of stimulation (0.8 mA) are 
shown on the right. Only stimulations are shown that permitted 
measurement of changes in NE of peripheral origin (see the Method 
section). Abbreviations are the same as for Fig. 1. 
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TABLE 2 


NUMBER OF HYPOTHALAMIC FLIGHT SITES THAT INCREASED 
THE LEVEL OF ADJUSTED PERIPHERAL NE (SUGGESTING 
SYMPATHETIC NERVOUS SYSTEM ACTIVITY) AT BEHAVIORAL 
(0.2-0.8 mA) AND MAXIMAL (0.8 mA) INTENSITIES OF 
STIMULATION 





Intensity of Stimulation 


Maximal 
(N = 15) 


Behavioral 


% Baseline* (N = 20) 





100-110 
111-120 
121-130 
131-145 

>145 





*Level of adjusted peripheral NE in the first atrial blood sample 
following the onset of hypothalamic stimulation, expressed as 
percent of the baseline mean. 


acute, anesthetized preparations [7, 8, 17, 18] and in the 
awake animal [20,22]. However, the most frequent con- 
comitants of SA activation which accompanied stimulation 
at hypothalamic escape sites were: (1) a bilateral increase in 
the output of adrenal medullary NE and E; (2) a significant 
change in the ratio of CAs released from the adrenal medulla; 
and (3) activation of the cardiovascular system. 


Adrenal Medullary Component of the SA Response 


Baseline adrenal CA output values from the present study 
were converted to ng/min/kg to permit comparison with 
previous reports. The mean output (+SEM) of 33.71+4.64 
ng/min/kg and 16.96+5.07 ng/min/kg for NE and E, respec- 
tively, were similar to baseline values reported in our previ- 
ous study [20], and within the range of values reported by 
other investigators using a variety of techniques [3, 4, 6, 7, 
11, 13, 18]. Also, the present data supply further evidence 
that NE is the primary CA released from the feline adrenal 
medulla at rest. 

Stimulation of hypothalamic sites which elicited escape 
behavior generally increased the adrenal output of both NE 
and E. As reported previously [20], the relative increase 
(percent above baseline) in E was nearly always greater than 
the relative increase in NE. There were two sites, however, 
that were of particular interest since both the absolute and 
relative increase in NE from the ipsilateral adrenal gland 
were greater than the increases in E. These changes were not 
biased by the baseline conditions, since NE comprised ap- 
proximately 80% of the total CAs prior to stimulation. The 
sites were among the most caudal and were located in the 
posterior hypothalamic area (Fig. 1: A 9.5 and 8.5). Robin- 
son et al. [18] also described sites in this same region of the 
posterior hypothalamus where stimulation increased the 
output of NE from the ipsilateral adrenal gland; this report, 
however, did not make comparisons between the increases 
in NE and E. Further, Ungar and Phillips [23] reviewed 
pharmacological studies which provided evidence for the 
selective release of NE and E from the cat adrenal; our 
stimulation data support these pharmacological observa- 
tions. 


Sympathetic Nervous Component of the SA Response 


Under baseline conditions, approximately two-thirds of 
the NE in the peripheral plasma was contributed by the sym- 
pathetic noradrenergic nerves. This observation was similar 
to our previous report in cats [20], and to the results obtained 
from rats [14,16]. 

Approximately one-third of the hypothalamic sites which 
evoked flight behavior also activated the peripheral norad- 
renergic nerves. These data suggest that sympathetic neural 


activity is not a primary component of hypothalamically- 
elicited escape. 


Cardiovascular Parameters Associated With 
Hypothalamically-Elicited Flight Behavior 


Stimulation of flight sites at behavioral intensities resulted 
in: (1) changes in MAP that were significantly correlated 
with the bilateral output of both adrenal CAs; and (2) in- 
creases in the level of adjusted peripheral NE, suggestive of 
activation of the sympathetic noradrenergic nerves, which 
were significantly correlated with increases in HR. These 
observations suggest that hypothalamic sites which elicit es- 
cape behavior concurrently activate the adrenal medullary 
and CV systems. Stimulation of the CV system is further 
supported by the correlation between CV changes and the 
activity of the peripheral noradrenergic nerves. Since both 
adrenolumbar veins were cannulated or tied off, most of the 
CAs released from the adrenal medulla were excluded from 
the circulation. Therefore, it is not likely that cardiovascular 
parameters were greatly influenced by circulating adrenal 
catecholamines. 


Comparisons Between Hypothalamically-Elicited 
Flight and Defense 


There were no differences in the maximal changes in ad- 
renal CA output, adjusted peripheral NE levels, HR and 
MAP resulting from stimulation of hypothalamic sites which 
elicited flight behavior compared to those changes following 
stimulation of hypothalamic sites which elicited defense be- 
havior. 

Adrenal medullary activation. In general, hypothalamic 
sites which elicited flight also evoked a greater variety of 
adrenal medullary responses than were observed following 
stimulation of hypothalamic defense sites [20]. This may 
have been due, in part, to the more extensive areas of the 
central nervous system involved in the mediation of flight 
behavior [10]. The most frequent response among all behav- 
iorally identified sites was a bilateral increase in both CAs 
[20]. Within this group of responses the mean increase 
(+SEM) in bilateral E was approximately equal for both be- 
haviors (flight: 97.9+22.0 ng/min; defense: 101.9+14.2 
ng/min). The mean bilateral increase (+SEM) in NE was 
nearly twice as great following stimulation of flight sites, but 
this difference was not significant (flight: 174.7+45.4 ng/min; 
defense: 94.1+ 15.5 ng/min) [20]. On the other hand, stimula- 
tion of twice as many flight sites (11 vs. 5) decreased the 
output of adrenal NE from one or both glands. 

Whereas hypothalamic sites which elicited defense also 
effected a significantly greater increase in E from the ipsilat- 
eral adrenal gland [20], stimulation of sites which elicited 
flight behavior produced no differences in CA output be- 
tween the two glands. 

Sympathetic nervous activation. Hypothalamic stimula- 
tion at sites which elicited either defense or flight behavior 
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increased the activity of the sympathetic nervous component 
of the SA response, as determined by adjusted levels of pe- 
ripheral NE. There were no significant differences between 
defense and flight sites at behavioral intensities. However, at 
maximal stimulation intensity the mean increase (+SEM) in 
adjusted peripheral NE elicited from defense sites 
(0.89+0.25 ng/min) was twice that elicited from flight sites 
(0.43+0.41 ng/min), although the difference was not signifi- 
cant [20]. A difference was also seen between defense and 
flight sites when the data were evaluated in terms of percent 
change from baseline; at the maximum stimulation intensity 
SN system activation (increase >145% baseline) accom- 
panied stimulation of 60% of the defense sites, but only 33% 
of the flight sites. 

Cardiovascular activation. Changes in adrenal and pe- 
ripheral CA levels were most frequently correlated with 
cardiovascular changes following stimulation of hypotha- 
lamic flight sites. Activation of hypothalamic flight sites 
elicited increases in the bilateral output of each adrenal CA 
that were significantly correlated with increases in MAP at 
both behavioral and maximum intensities of stimulation, 
suggesting that hypothalamic stimulation which elicited 
flight behavior also activated the adrenal medullary and car- 
diovascular subsystems of the SA system. As has been 
suggested previously [1, 5, 22], there appear to be regions in 
the hypothalamus which differentially activate the adrenal 
medulla, the sympathetic noradrenergic nerves, and the 
cardiovascular system. 


CONCLUSIONS 


The results of the present study indicated similarity in 
both hypothalamically-elicited defense and flight in that both 
behaviors were most frequently accompanied by bilateral 


increases in the output of adrenal NE and E. Overall, the 
similarities between hypothalamically-elicited escape and 
defense were more apparent than the differences between 
these behaviors. That these behaviors share many of the 
same physiological concomitants is not surprising since the 
behaviors can be evoked from contiguous hypothalamic re- 
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gions. Furthermore, as Cannon [2] described, ‘“‘fight or 
flight’ behaviors are accompanied by many of the same 
sympatho-adrenal manifestations. 

Some differences were noted among the responses 
evoked from flight and defense sites. Hypothalamic flight 
sites activated both the adrenal medullary and cardiovascu- 
lar systems. Further, these sites showed a greater selectivity 
for the control of adrenal NE, including both greater in- 
creases and more frequent decreases. Hypothalamic defense 
sites [20] activated both the adrenal medullary and sympa- 
thetic nervous components of the SA response, and showed 
a preferential release of E from the ipsilateral adrenal gland. 
Activation of the sympathetic nervous component of the SA 
response was reflected in the higher levels of NE in the 
peripheral plasma following stimulation, but the concomitant 
cardiovascular measurements did not reliably reflect this 
sympathetic nervous activity. In spite of the wide anatomical 
distribution of hypothalamic sites which elicited aggressive 
behavior, it appeared that the central systems which 
mediated aggressive behavior were coincident with path- 
ways that activated the adrenal medulla. Further, central 
regions which evoked flight behavior were coincident with 
regions which activated the cardiovascular system, while 
regions which evoked defense behavior overlapped with 
areas that activated the peripheral noradrenergic nerves. 
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PLATA-SALAMAN, C. R., Y. OOMURA AND N. SHIMIZU. Dependence of food intake on acute and chronic ventricu- 
lar administration of insulin. PHYSIOL BEHAV 37(5) 717-734, 1986.—Several lines of evidences indicate that insulin 
affords short- and long-term neuroendocrine signals to modulate ingestive behavior. To further study a possible role of 
insulin in the control of food intake, male Wistar rats were subjected to various intra-third cerebro-ventricular applications 
of saline and insulin. Infusion of 2.0 mIU/rat of insulin at 1100 and 1900 decreased food intake in a 23.5 hr test period. 
Infusion of 0.5 mIU/rat of insulin between 1100 and 1200 decreased nighttime food intake during the Ist and 2nd days. 
Infusion of 2.0 mI U/rat/24 hr of insulin from osmotic minipumps decreased nighttime food intake throughout the active 
pump period and the effect persisted into the post-pump period. The results support the notion that insulin is involved in the 


regulation of food intake in the rat. 
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EVIDENCE to support a possible role of insulin in the cen- 
tral nervous system (CNS) has been obtained by introduc- 
tion of insulin into the brain by ventricular and subarachnoid 
application [13, 47, 83], direct application into various hypo- 
thalamic areas [18, 53, 82], or CNS application via an artery 
[82]. 

Other evidence indicating insulin action in the CNS in- 
cludes: (1) Many areas of the brain have insulin specific bind- 
ing sites [30, 42, 57, 88], (2) Insulin stimulates thymidine and 
uridine incorporation in fetal rat brain cells [67], and into 
DNA and RNA [97]; increases brain RNA content [40], and 
stimulates ornithine decarboxylase activity [98], (3) There is 
evidence that insulin might be essential to neuron culture 
survival [34], and act as a promoter of neurite growth [68], 
and synapse formation [39], (4) Insulin may influence hypo- 
thalamic noradrenaline (NA) turnover [7, 46, 73], and 
enhance neuroactive amino acid reuptake in the CNS [69], 
(5) Insulin is a possible modulator of odor responses in the 
olfactory bulb and amygdala [10], and gustatory related ac- 
tivity in the nucleus tractus solitarii (NTS) [28]. 

Insulin has been reported to represent both short- and 
long-term neuroendocrine signals foi the regulation of food 
intake (FI) [9, 86, 95]. The purpose of the present study was 
to further explore the role of insulin in CNS control of FI 
and water intake (WI) by the rat, using intra-third cerebro- 
ventricular (III-ICV) administration. 

The purpose of Experiment 1 was investigation of the 
effects of one III-ICV infusion of insulin at 1100 hr, when the 
animals usually sleep and the probability of feeding is low. 





‘Requests for reprints should be addressed to Professor Y. Oomura. 


Experiment 2 was to determine the effect of one III-ICV 
infusion at 1900 hr, one hr before the beginning of the dark- 
phase of the diurnal cycle. Experiment 3 was to investigate 
whether one III-ICV infusion of insulin between 1100 and 
1200 would modify the amount of the day- and nighttime FI 
and WI. In Experiment 4, III-ICV insulin was infused chron- 
ically from osmotic minipumps. 


GENERAL METHOD 
Subjects and Maintenance 


Male Wistar strain rats weighing between 200 and 300 g at 
the beginning of the experiments were used. Before the ex- 
periments, rats were housed in individual wire mesh cages 
with artificial light illumination from 0800 to 2000 and were 
kept at 21+2°C. They were maintained ad lib on powdered 
food (Clea rat chow No. CE-2, Japan Clea Inc. Ltd.) and tap 
water. All rats were handled for 5 min daily to habituate 
them to handling. The measurement of intake of powdered 
food has been described elsewhere [26], and in all cases daily 
FI and WI were measured to 0.1 g, and body weight (BW) to 
1.0 g. FI was recorded daily for several days prior to cannula 
implantation. Daily FI, WI, and BW were measured from the 
5th postoperative day after implanting the cannulas. 


Implantation of Brain Cannulas 


Implantation was done under intraperitoneal (IP) 
ketamine hydrochloride plus xylazine (100 + 5 mg/kg) 
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anesthesia. After three days of adaptation to their home 
cages, a small hole was made in the skull with an electric 
drill. A guide cannula of 23-gauge stainless steel tubing (18.0 
mm long, 0.64 mm o.d., 0.39 mm i.d.) was implanted into the 
III ventricle at stereotaxic coordinates: AP, —2.1; and L, 0.0 
with respect to the bregma; and H, 7.5-8.0 from the brain 
surface, according to the atlas [63]. Two screws in the skull 
were used to anchor the cannula with dental cement. A 
sterile 29-gauge stainless steel obturator with a polyethylene 
cap (18 mm long, 0.33 mm o.d.) flush with the tip of the guide 
cannula was used to ensure that the cannula remained pat- 
ent. Cephalothin sodium (100 mg/kg, intramuscularly) was 
administered as a prophylaxis in a single dose immediately 
after surgery. 


Intra-Third Cerebro-Ventricular Administration 


A 29-gauge stainless steel tube (18 mm long, 0.33 mm 
o.d., 0.17 mm i.d.) connected through a long polyethylene 
tube (0.6 mm o.d.) to a 50-4] Hamilton microsyringe, and all 
of which was filled with freshly prepared test solution, was 
inserted into the guide cannula. The length of the 29-gauge 
tube was adjusted to just reach the tip of the guide cannula. 
To minimize intraventricular pressure changes, infusions in 
Experiments | and 2 (into unrestrained rats) were at the rate 
of about one yl per 80 sec, and in Experiment 3 about one 
ul per 6 min. The infusion tubes were long enough to 
permit manipulation of the syringe outside of the cage, and 
minimize disturbance of the animal. Twisting of the infusion 
tube by movement of the rat during an experiment was pre- 
vented by hanging the infusion system by a thin thread attached 
to a counter weight. Continuous infusion was verified by con- 
sistent movement of an air bubble (about 4 mm long) in the 
microsyringe end of the polyethylene tube; the volume of infu- 
sion fluid in the tube was enough to prevent the air bubble 
from entering the III ventricle. During the 12 hr dark phase 
measurements, a red incandescent bulb was used in Experi- 
ment 2 to provide dim illumination. 


Prevention of Insulin Adsorption 


To avoid adsorption of insulin on the walls of the 
glassware and the polyethylene infusion tubes, all such 
materials were treated with Dri-Film™ SC-87-siliconizing 
fluid (Pierce) diluted to 10% with hexane, and air dried. 


Histology 


After each experiment was completed, rats were deeply 
anesthetized with urethane plus chloralose (1.0 + 0.08 g/kg). 
Each animal was infused with 5 yl of pontamine sky blue (2% 
in 0.5 M Na acetate) by way of the III ventricle cannula. All 
rats were transcardially perfused with physiological saline 
(0.15 M NaCl) and then with 10% neutralized formalin solu- 
tion. The skulls containing the brains were immersed in for- 
malin solution for at least one week before the brains and 
cannulas were removed. Brains were put in 30% sucrose 
solution overnight and cut into 50-100 um frontal serial sec- 
tions. Cannula placements were verified microscopically. 
Only rats that met the following criteria were used for the 
final analysis: (1) Rats whose cannula produced outflow of 
clear cerebrospinal fluid (CSF) before each infusion and 
upon histological examination, (2) Rats whose entire ven- 
tricular wall was found to be coated evenly with pontamine 
sky blue. Any rat with indication of cannula blockade by 
fibrous tissue, or any other reason that prevented regular 
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diffusion into the ventricular system, was not included in the 
data, (3) Animals in which the cannula tip was close to the 
roof of the ventral portion of the III ventricle, (4) Only rats 
with no signs of ICV hemorrhage (2 cases), dilatation of the 
ventricular system (1 case) or encephalitis (2 cases) were 
considered. 


Statistics 


All results were expressed as means+SE. Statistical 
analyses were performed using the paired-sample Student’s 
t-test in Experiments 1, 2 and 3, and the two-sample Student’s 
t-test in Experiment 4, two-tailed in all cases. Other statisti- 
cal analyses used were indicated where appropriate. Differ- 
ences were considered to be significant only for p<0.05. 


EXPERIMENT 1 


The design of Experiment 1 is shown in Fig. 1 (upper). 
The rats were fed ad lib except between 1100-1130, when 
BW was recorded and for other short intervals when food 
and water were removed to be measured. After a rat’s 23.5 
hr FI (+1 g) and BW increase were stable for three consecu- 
tive days, one infusion at 1100 was started. Food and water 
were presented at 1130. The FI and WI for the first 3 hr after 
infusion were measured at 1430, and those for 23.5 hr were 
measured at 1100 of the next day. Doses of neutral regular 
pork insulin (Insulin Novo Actrapid, 40 IU per ml, in 10 pl 
0.15 M NaCl, pH 7.4) were 1.0, 2.0, and 4.5 mIU. Rats 
infused with the same volume of 0.15 M NaCl (pH 7.4) were 
used for control. Several rats received a second infusion 
after FI and BW increase again became stable and remained 
so for at least three consecutive days. 


EXPERIMENT 2 


The design of Experiment 2 is shown in Fig. 1 (middle 
upper). The rats were fed ad lib except between 1900-1930, 
when BW was recorded and when food and water were re- 
moved to be measured. After a rat’s 23.5 hr FI (+1 g) and 
BW increase were stable for three consecutive days, one 
infusion at 1900 was started. Food and water were presented 
at 1930. The 3 hr FI and WI were measured at 2230, and the 
23.5 hr intakes were measured at 1900 of the next day. Only 
one 2.0 mIU dose of insulin (in 10 ul 0.15 M NaCl, pH 7.4) 
was infused per rat. 


EXPERIMENT 3 


The design of Experiment 3 is shown in Fig. 1 (middle 
lower). The animals were allowed to recover for 10 days 
after implantation of the cannulas. The rats were fed ad lib 
except when food and water were removed every day be- 
tween 1100-1200 when BW was recorded and at times when 
FI and WI were measured. Throughout the experiment food 
and water were measured at 2000 (daytime consumption from 
1200-2000) and at 0800 (nighttime consumption from 2000- 
0800). The FI and WI between 0800 and 1100 were consid- 
ered separately. 

The rats were infused in a 30 min period between 1100 and 
1200. Each rat was infused with a single dose of 5 ul 0.15 M 
NaCl (pH 6.1) after 4 days pre-infusion control. After 
5 additional days, each rat was infused one time with 0.5 
mIU insulin (17 ~IU/min) in wl 0.15 M NaCl (pH 6.1). 
All parameters in groups a, b, and c were identical 
except BW. In group a, the average BW was 291.9+5.6 g 
(n=9) on the day of saline infusion and 314.0+7.6 g on the 
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FIG. 1. General design of Experiments | to 4. Upward arrows, infusion times; down- 
ward arrows, measurement time for food and water; *food and water presentation. 


day of insulin infusion. In group b, the average BW was 
364.0+5.5 g (n=7) on the day of saline infusion and 
381.6+4.8 g on the day of insulin infusion. In group c, the 
average BW was 415.8+9.2 g (n=9) on the day of saline 
infusion and 427.1+9.2 g on the day of insulin infusion. 


EXPERIMENT 4 


All animals were allowed to recover for 16 days after 
implantation of brain cannulas. On the last day at 1000, 
under anesthesia with ketamine hydrochloride plus xylazine 
(same doses as before), osmotic minipumps (Alzet) were 
implanted. A minipump was connected, by a short polyeth- 
ylene tube (1.1 mm, i.d.) filled with test solution, to an insert 
cannula of 29-gauge stainless steel tubing, L-shaped so that 
when inserted into the guide cannula its terminal end just 
reached the tip of the guide cannula. The minipump was then 
inserted into a subcutaneous interscapular pocket and the 
inserted cannula was cemented in place. The specified reser- 
voir volume of the minipump was 238.5+9.9 (SD) yl and the 
nominal pumping rate was 1.07+0.04 (SD) wl/hr at 37°C. 


The minipumps were filled with neutral regular pork insu- 
lin (about 20 mIU/minipump) or the supernatant of heat- 
deactivated boiled pork insulin diluted in 0.15 M NaCl (pH 
6.1) for control. The combined flow rate and insulin concen- 
tration provided an infusion rate of 2.0 mIU/24 hr or about 80 
u1U/hr. This was the calculated dose of insulin but the actual 
amount of insulin delivered by the minipumps was probably 
less, since the minipumps were not treated to avoid insulin 
adsorption. The neutral regular insulin used maintains nearly 
full potency when stored at room temperature for 12 months 
or at body temperature [37]. 

The design of Experiment 4 is shown in Fig. 1 (lower). 
The rats were fed ad lib except between 1930-2000 when BW 
was recorded and when food and water were removed to be 
measured. FI and WI were measured at 0800 and 1930 (Fig. 
1, lower a) during the pre-pump period and on the 2nd, 3rd 
and 4th days after implantation (this analysis is necessary 
since insulin diluted in physiological saline has the tendency 
to aggregate after several days). 

After minipump implantation, cephalothin sodium (70 
mg/kg) was administered intramuscularly to three rats in 
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FOOD AND WATER INTAKE BEFORE AND AFTER INFUSIONS INTO THE III VENTRICLE AT 1100 





Treatment 
Group (n) 


Pre-infusion 


Average 


Treatment 
Day 


Post-infusion 


Average 





Food 


Saline Water 


Food 
Insulin (9) 


(1.0 mIU/rat) Water 


Food 
Insulin (12) 


(2.0 mIU/rat) Water 


Food 
Insulin (12) 


(4.5 mIU/rat) Water 


3 hr 
23.5 hr 
3 hr 
23.5 hr 


3 hr 
23.5 hr 
3 hr 
23.5 hr 


3 hr 
23.5 hr 
3 hr 
23.5 hr 


3 hr 
23.5 hr 
3 hr 


2.6 + 0.2 
26.2 + 0.6 
3.8 + 0.4 
33 2A 


2.7 + 0.4 
28.5 + 0.5 
4.0 + 0.3 
34.9 = O07 


2.3 + 0.2 
23.7 + 0.8* 
2.8 + 0.3 
29.7 + 3.2* 


2.4 + 0.4 
25.4 + 1.08 
4.6 + 0.6 
33.4 + 1.7§ 


1.3 + 0.2¢ 


22.0 + 0.8+# 


3.0 + 0.3 
34.6 + 2.57 


2.1 + 0.5 
23.0 + 0.9+ 
3.3 + 0.4 


Bo £02 
26.1 + 0.7 
3.3 + 0.4 
35.9 + 1.5 


Ries 


2.8 + 0.3 
25.8 + 0.7* 
42+ 0.4 


23.5 hr 


20.9 % 2:57 36.0 + 1.2 





Values, mean + SE, g for FI and ml for WI; n, No. of rats. Average pre- and post-infusion, average 
of three days. Three hr and 23.5 hr FI and WI, measured from 1130 to 1430 hr, and from 1130 to 1100 


hr, respectively. 


Significant differences from pre-infusion averages: *p<0.01; tp<0.001; $p<0.05; §p<0.02 (paired- 


sample Student's f-test). 


Significant differences from saline: #p<0.01 (two-sample Student’s t-test after angular transforma- 


tion). 


insulin Dose (miU/rat) 


1.0 2.0 
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FIG. 2. Effect of saline (10 yl) or insulin infused into III ventricle on 
0-3 hr and 3-23.5 hr FI. Difference from pre-infusion average, from 
Table 1. Each bar, mean+SE, g. Number of animals in each group 
(number in parentheses): saline (7), 1.0 m1U insulin (9), 2.0 mIU 
insulin (12), and 4.5 mIU insulin (12). Shaded columns, differences 
in FI during 0-3 hr test period; white columns, differences in FI 
during 3-23.5 hr test period. Significant differences from pre- 
infusion average: *p<0.05; *p<0.01; tp<0.001 (paired-sample Stu- 
dent’s t-test). Significant differences from saline are shown in figure 
(two-sample Student's t-test after angular transformation). 


each group, daily in a single dose. Additional FI, WI and BW 
recordings for these 6 animals were made from days 2 to 7 
(active pump period) and from days 8 to 12 (post-pump 
period) (Fig. 1, lower b). 


Eating Pattern 


In an additional chronic experiment, standard pellet rat 
chow (Kanae Inc., Japan, 45.8+4.5 mg [SD] ranging from 37 
to 56 mg [n=60]) was fed to three rats, and eating, drinking, 
and locomotor activity patterns before and after minipump 
implantation were analyzed by a computer aided behavior 
monitoring system. These rats were housed in special test 
chambers equipped with pellet-sensing eatometers and 
contact-sensing drinkometers. Pellets and tap water were 
available ad lib throughout the experiment. After 7 days of 
adaptation to the chamber, considered to be achieved when 
body weight increase was stable and spillage was less than 
3% of the total daily intake, and another 7 days to recover 
from cannulation surgery, minipumps containing test solu- 
tions were implanted. Pellets and drops of water delivered 
were measured at 10-min intervals. Locomotor activity was 
measured by counting the crossings of 9 points on the 
chamber floor. A meal was defined as the acquisition of at 
least 5 pellets preceded and followed by at least 40 min of no 
feeding (intermeal interval). Meal size was defined as the 
number of pellets eaten during a meal. Eating rate was calcu- 
lated from meal size divided by meal duration. 


EXPERIMENT 1 
Results 


The results are presented in Table 1. In the 3 hr after 
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TABLE 2 
FOOD AND WATER INTAKE BEFORE AND AFTER INFUSIONS INTO THE III VENTRICLE AT 1900 





Treatment 
Group (n) 


Pre-infusion 
Average 


Treatment 
Day 


Post-infusion 
Average 





Food 3 hr 
23.5 hr 
3 hr 10.8 


23.5 hr 35.2 


3 hr 7.4 
23.5 hr 26.2 
3 hr 9.7 
23.5 hr 


Saline (6) 
Water 


Food 
Insulin (6) 


(2.0 mIU/rat) Water 


7.3 + 0.4 
25.8 + 0.8 


35.9 + 1.9 


0.7 7.5 
1.1 25.3 
0.7 11.0 
2.1 35.6 


0.4 13 
1.64 25.4 
1.0 9.9 
= 3.3 36.3 


0.5 
0.9 
0.5 
1.8 


0.4 
1.0 
0.6 


> 9 
4.4 


0.4 
1.8 


0.3 
0.7 
0.6 


I+ I+ I+ I+ 
i+ I+ I+ It 


+ I+ I+ I+ 
lt I+ I+ I+ 





Three hr and 23.5 hr FI and WI, measured from 1930 to 2230 hr, 
respectively. Other explanations same as for Table 1. 


infusion, only the 2.0 mIU insulin induced a significant de- 
crease (32%) in FI (t=2.24, p<0.05), while FI of the saline-, 
1.0, and 4.5 mIU insulin-treated groups decreased 12, 11 and 
9%, respectively. All 1100 infusions elicited significant FI 
decreases in the 23.5 hr from the pre-infusion averages; FI of 
the saline-, 1.0, 2.0, and 4.5 mIU insulin-treated groups de- 
creased 10, 11, 19, and 17%, respectively (¢t=5.42, p<0.01; 
t=2.92, p<0.02; t=9.07, p<0.001; and t=7.34, p<0.001, re- 
spectively). All infusions also elicited significant decreases 
in the 3—23.5 hr FI (not shown in Table 1); FI of the saline-, 
1.0, 2.0, and 4.5 mIU insulin-treated groups decreased 9, 11, 
18, and 17% respectively from the pre-infusion averages 
(23.6+0.5 to 21.4+0.8 g, t=3.97, p<0.01; 25.8+0.5 to 
23.0+0.9 g, t=3.67, p<0.01; 25.4+0.8 to 20.8+0.9 g, t=8.75, 
p<0.001; 25.3+0.8 to 21.0+0.9 g, 1=6.04, p<0.001). Differ- 
ences in 0-3 and 3-23.5 hr FI from pre-infusion averages for 
all groups are shown in Fig. 2. 

There was no significant change in WI in the 3 hr after any 
1100 infusion; 3 hr WI of the saline-, 1.0, 2.0, and 4.5 mIU 
insulin-treated groups were —26, +15, —6 and —13% from 
the pre-infusion average. At 23.5 hr, WI decreased signifi- 
cantly: 20% (t=5.30, p<0.01) by saline, 10% (t=2.90, 
p<0.02) by 1.0 mIU insulin, 17% (t=6.59, p<0.001) by 2.0 
mIU insulin, and 29% (t=5.46, p<0.001) by 4.5 mIU insulin. 
In addition, all infusions also elicited significant decreases in 
the 3-23.5 hr WI; WI of the saline-, 1.0, 2.0, and 4.5 mIU 
insulin-treated groups decreased 20, 14, 17, and 30%, re- 
spectively from the pre-infusion averages (33.5+2.2 to 
26.9+3.1 ml, t=4.91, p<0.01; 33.3+0.9 to 28.8+2.0 ml, 
t=3.23, p<0.02; 38.3+2.3 to 31.6+2.5 ml, t=6.33, p<0.001; 
36.8+3.8 to 25.6+2.4 ml, 1=4.93, p<0.001). 

The 23.5 hr ratios of WI to FI of the saline-, 1.0, 2.0, and 
4.5 mlIU insulin-treated groups from the pre-infusion ratios 
were: 1.44+0.09 to 1.24+0.13, 14% decrease, t=3.37, 
p<0.02; 1.31+0.03 to 1.33+0.07, 2% increase, NS; 
1.54+0.11 to 1.57+0.11, 2% increase, NS; 1.47+0.11 to 
1.25+0.09, 15% decrease, t=2.67, p<0.05, respectively. 

The increase in BW ceased, or sometimes reversed 
slightly, in the 23.5 hr after infusion in all four groups. The 
averages of BW were: 319.3+15.8, 424.2+7.2, 354.7+19.8, 
and 356.8+17.1 g for the saline-, 1.0, 2.0, and 4.5 mIU 
insulin-treated groups, respectively, in the last pre-infusion 
day; and 318.7+16.3, 419.0+7.1, 349.5+18.8, and 
352.4+ 16.2 g, respectively, in the infusion day. 

The average 23.5 hr FI of each insulin-treated group 


and from 1930 to 1900 hr, 


stabilized in the three post-infusion days at slightly lower 
levels than the pre-infusion averages. In the 4.5 mIU 
insulin-treated group, this difference was significant (¢=3.21, 
p<0.01). There was no significant difference in the pre- and 
post-infusion WI of any group. 


Discussion 


It has been reported that III-ICV infusion of sterile Ringer 
[9], or saline (intravenous) [76] depresses FI. Although this 
was also observed in the present experiment, the decrease 
was markedly enhanced by 2.0 and 4.5 mlU insulin. The 
insulin-treated groups with 2.0 and 4.5 mI1U decreased signif- 
icantly the 3-23.5 hr FI relative to the saline group (Fig. 2) 
(two-sample Student’s t-test after angular transformation, 
t=2.81, p<0.02, and 1=2.12, p<0.05, respectively), whereas 
only the insulin-treated group with 2.0 mIU decreased signif- 
icantly the 23.5 hr FI relative to the saline group (Table 1) 
(two-sample Student's t-test after angular transformation, 
t=3.48, p<0.01). These results are consistent with an addi- 
tive effect of saline plus insulin (insulin was dissolved in 
saline) in decreasing FI, so the decreases of FI by saline and 
insulin are probably due to different modes of action. Sub- 
traction of the depression of 23.5 hr FI by saline from the 
decreases by 1.0, 2.0, and 4.5 mIU left effects of 2, 12, and 
9%, respectively, for insulin alone (for example, from Table 
1: difference for saline, 2.5 g; difference for 2.0 mIU insulin, 
5.2 g; balance due to insulin, 2.7 g; total 23.5 hr FI average 
for both saline- and 2.0 mIU insulin treated-groups, 22.9 g. 
Resultant=2.7 g/22.9 g x 100). Similar subtraction for 
3-23.5 hr FI left 3, 11, and 10% decreases by 1.0, 2.0, and 4.5 
mlU insulin, respectively. Insulin (4.5 m1U/rat) might have 
been an overdose, since the effects on 23.5 hr FI persisted 
for three days after infusion. However, the difference be- 
tween the saline and the 4.5 ml1U insulin effects was not 
significant in either the infusion day or the post-infusion av- 
erage. Subtraction of the 3 hr FI decreases showed that only 
2.0 mIU insulin decreased FI by 17% (from Table |: differ- 
ence for saline, 0.3 g; difference for 2.0 mIU insulin, 0.6 g; 
balance due to insulin, 0.3 g; total 3 hr FI average for both 
saline- and 2.0 mIU insulin-treated groups, 1.8 g. Resultant 
=0.3 g/1.8 g x 100), while the effects in other insulin- 
treated groups were not different (1.0 mIU insulin) or even 
less (4.5 mIU insulin) than the saline effect. The post- 
infusion 3 hr FI was slightly higher than the pre-infusion 
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average, in the insulin-treated groups. This might indicate 
compensation for the slightly lower levels of the post- 
infusion 23.5 hr FI. 

The decrease in WI could be a result of both direct action 
of saline and a secondary response to the decrease of FI 
(reduction in prandial drinking). The 3 hr decrease of WI in 
the saline-treated group (26%) was far more than the changes 
in all insulin-treated groups (+15, —6, and — 13% relative to 
the pre-infusion average). The 23.5 hr WI decreased 20, 10, 
17, and 29% in the four groups; the changes were +10, +3, 
and —9% in the insulin-treated groups relative to the 20% 
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FIG. 3. Effect of III-ICV infusion of saline (control) and insulin (0.5 
m1U/rat) on mean food intakes. Infusion time, 1100-1200. Mean total 
daily (1200-1100) (@), mean nighttime FI (2000-0800) (™), and mean 
daytime FI (1200-2000) (©); 0800-1100 hr FI not shown. Values, 
mean+SE, g. Vertical arrows, day of infusion. Groups represent 
three different BW. (a) BWs, 291.9+5.6 and 314.0+7.6 g on 
day of saline and insulin infusion, respectively (n=9). (b) BWs, 
364.0+5.5 and 381.6+4.8 g on day of saline and insulin infusion, 
respectively (n=7). (c) BWs, 415.8+9.2 and 427.1+9.2 g on day of 
saline and insulin infusion, respectively (n=9). Significant differ- 
ences from pre-infusion averages: *p<0.01; tp<0.05; #p<0.02; 
§p<0.001 (paired-sample Student’s f-test). 





decrease by saline. The 3—23.5 hr WI decreased 20, 14, 17, 
and 30%, so the differences due to the insulin relative to the 
decrease by saline were +6, +3 and —10%. Thus, the effect of 
saline alone was greater than that of 1.0 and 2.0 mIU insulin, 
so the insulin apparently counteracted the effect of saline on 
WI. This is supported by reports that regular insulin elicited 
drinking [41], including in the absence of food [93], although 
it must be considered that high doses of insulin (5-100 
IU/kg/rat) were used in the experiments cited. 

In conclusion, only 2.0 mIU insulin decreased 3 hr FI 
more than saline did. The fact that the decreased 3 hr FI by 
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2.0 mIU insulin was accompanied by a decrease in WI (6%) 
which was smaller than that in the saline-treated group (26%) 
suggests counteraction, or alternatively, that this dose of 
insulin in this study was 3 hr FI specific (behaviorally spe- 
cific). Moreover, the WI to FI ratios indicated that saline had 
a greater effect on WI than it did on FI, whereas 2.0 mIU 
insulin had a greater effect on FI than it did on WI. 


EXPERIMENT 2 
Results 


The results are presented in Table 2. In the 3 hr after 
infusion, FI was decreased, but not significantly, by saline 
(15% decrease) and 2.0 mIU insulin (11% decrease). The 23.5 
hr FI was slightly decreased but not significantly by saline, 
whereas the decrease was significant by insulin (15% from 
the pre-infusion average, t=3.05, p<0.05). The 3-23.5 hr Fl 
decreased significantly only by insulin (16% from the pre- 
infusion average, 18.8+0.7 to 15.8+1.6 g, t=2.93, p<0.05). 

The WI decreased but not significantly in the 3 (5% de- 
crease for both groups) and 23.5 hr following infusion (7% 
decrease for saline and 14% for insulin). The 23.5 hr ratios of 
WI to FI of the saline- and insulin-treated groups from the 
pre-infusion ratios were: 1.37+0.08 to 1.34+0.07 and 
1.37+0.05 to 1.37+0.09, respectively. On the infusion day 
there was a slight decrease in BW gain only in the insulin- 
treated group. The averages of BW were: 295.5+15.4 and 
305.4+12.2 g for the saline- and insulin-treated groups, re- 
spectively, in the last pre-infusion day; and 298.8+ 14.2 and 
304.4+ 12.2 g, respectively in the infusion day. 


Discussion 


Insulin infusion (2.0 mIU/rat) before nighttime signifi- 
cantly decreased FI for 3—23.5 and 23.5 hr from the pre- 
infusion average, as did the morning infusion. Saline infusion 
significantly decreased FI for 3-23.5 and 23.5 hr from the 
pre-infusion average, only when infused at 1100. The results 
of Experiments | and 2 indicate a long-lasting effect of insu- 
lin, since 2.0 mI1U of insulin infused at 1100 or 1900 had about 
the same effects on 3-23.5 (18 and 16% decrease, respec- 
tively) and 23.5 hr FI (19 and 15% decrease, respectively). 
This supports the notion of an additive effect of saline plus 
insulin in decreasing FI. The decreases in 3 hr FI by saline 
infusions at 1100 and 1900 were 12 and 15%, respectively 
(probably indicating the same action mechanism), while the 
decreases due to 2.0 mlU insulin were 32 and 11%, respec- 
tively. Thus, only the 2.0 mIU insulin dose infused at 1100 
was effective in decreasing 3 hr FI relative to the saline 
infusion. It has been reported that insulin (400 and 750 
mIU/rat/IP at around 1100) decreased sham intake in a 60 
min-test [54], and reduced the size of spontaneously ingested 
meals during the daytime [85]. This short-term effect may be 
related to evidence that III-ICV infusion of insulin (5 
»1U/min/60 min) in rats during daytime increased blood glu- 
cose after 15 min [77], since glucose suppresses feeding (e.g., 
[60]). The present results also suggest that the long-lasting 
effect of insulin on FI may be maximally expressed at night, 
when the FI is higher. The sensitivity of the animal to infu- 
sion may be different at 1100 and 1900, since the 23.5 hr WI 
decreased much more after the 1100 infusion (20 and 17% 
decrease, for the saline- and 2.0 mIU insulin-treated groups, 
respectively) than after the 1900 infusion (7 and 14% de- 
crease, respectively), and infusion of saline alone at 1100 
decreased 23.5 hr FI significantly (10%), but not when in- 
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fused at 1900. The changes in ratios of WI to FI also support 
the notion of different sensitivity of the rat to III-ICV infu- 
sion at 1100 and 1900. 


EXPERIMENT 3 
Results 


Group a. The intra-group variability of these smaller (and 
younger) animals was slightly higher than that in the other 
two groups used in Experiment 3. The results are presented 
in Fig. 3a. The total daily FI decreased significantly after 
saline infusion from 23.6+0.6 g (pre-infusion average of 
three days) to 21.2+0.6 g (10% decrease, t=4.11, p<0.01) 
and recovered to the pre-infusion level in the 2nd day. 
Night- and daytime FI decreased but not significantly after 
saline infusion relative to the pre-infusion average; 0800- 
1100 hr FI (not shown in Fig. 3a) increased but not significantly 
after saline infusion. Insulin also decreased the total daily FI 
significantly from 23.6+0.8 to 21.3+0.9 g (10% decrease, 
t=4.95, p<0.01). Nighttime FI was decreased significantly 
by insulin from 19.0+0.6 to 16.8+1.0 g (12% decrease, 
t=4.01, p<0.01) the Ist day after infusion and not signifi- 
cantly to 17.8+1.1 g the 2nd day. Daytime FI was signifi- 
cantly higher in the 2nd day after insulin infusion relative to 
the pre-infusion average (4.5+0.5 to 5.3+0.4 g, 18% increase, 
t=2.48, p<0.05); 0800-1100 hr FI (not shown in Fig. 3a) 
decreased but not significantly after insulin infusion. Com- 
parison between saline and insulin infusions (by two-way 
ANOVA) showed no significant difference in total daily, 
night-, or daytime FI during or after infusions. There was a 
small but significant difference in the amount of food eaten 
between 2000-1100 hr (not shown in Fig. 3a) in the 2nd day 
after infusion of saline (19.6+0.7 g) and in the same period 
after infusion of insulin (17.9+1.1 g) (¢t=2.31, p<0.05). A 
two-way ANOVA (g/day over the Ist, 2nd, and 3rd 2000- 
1100 hr FI after saline and insulin infusion) showed that 
2000-1100 hr FI decreased significantly after the insulin in- 
fusion relative to the saline infusion, F(1,48)=4.19, p<0.05. 

The total daily, night- and daytime WI decreased signifi- 
cantly from the pre-infusion average after saline infusion: 
45.4+7.2 to 35.8+5.6 ml (21% decrease, t=4.56, p<0.01); 
39.5+6.1 to 31.3+4.9 ml (21% decrease, t=4.38, p<0.01); 
and 5.9+1.2 to 4.5+0.9 ml (24% decrease, t=2.34, p<0.05), 
respectively. Total daily and nighttime WI recovered to the 
pre-infusion level in the 2nd day, whereas daytime WI in- 
creased significantly (7.4+1.6 ml, 25% increase, 1=2.94, 
p<0.02) and recovered to the pre-infusion level in the 3rd 
day. The total daily and nighttime WI were significantly de- 
creased by insulin from the pre-infusion average, from 
34.3+2.8 to 29.0+1.7 ml (15% decrease, ft =2.53, p<0.05) and 
from 29.5+2.3 to 24.7+1.6 ml (16% decrease, 1=2.83, 
p<0.05), respectively, and recovered to the pre-infusion 
level in the 2nd day. There was no significant difference in 
daytime WI after infusion of insulin. Comparison between 
saline and insulin infusions (by two-way ANOVA) showed 
no significant differences in total daily, night-, or daytime WI 
during or after infusions. 

Group b. The results are presented in Fig. 3b. The total 
daily FI decreased slightly but not significantly below the 
average of three previous days after the saline infusion. The 
nighttime FI decreased significantly after the saline infusion 
from the three day pre-infusion average from 19.4+0.3 to 
17.5+0.5 g (10% decrease, t =2.61, p<0.05) and recovered to 
the pre-infusion level in the 2nd day. There was no signifi- 
cant difference in the daytime or 0800-1100 hr FI (not shown 
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in Fig. 3b) after saline infusion. Infusion of insulin decreased 
the total daily FI in the following two days. The decrease 
was not significant in the Ist day but was in the 2nd. The 
average of the three previous days of 24.5+0.6 g decreased 
to 20.3+0.8 g (17% decrease, t =3.63, p<0.02) and recovered 
to the pre-infusion level in the 3rd day. The nighttime FI 
decreased significantly in the two nights after insulin admin- 
istration; from 18.7+0.6 to 16.0+0.8 g (14% decrease, 
t=2.49, p<0.05) in the Ist night, and from 18.7+0.6 to 
14.9+0.7 g (20% decrease, t=4.13, p<0.01) in the 2nd night. 
In the 3rd night, FI recovered to the pre-infusion level. The 
daytime FI was not significantly affected by insulin infusion, 
but 0800-1100 hr FI (not shown in Fig. 3b) increased signifi- 
cantly from 0.5+0.2 to 1.9+0.6 g (280% increase, t=2.70, 
p<0.05) after insulin infusion and recovered to the pre- 
infusion average in the 2nd day. Comparison between saline 
and insulin infusions showed: the difference in FI depres- 
sion by saline and insulin was significant for the 2nd total 
daily FI (¢=3.78, p<0.01), and for the Ist night (¢=2.50, 
p<0.05) and the 2nd night (t=4.20, p<0.01) after infusion. A 
two-way ANOVA (g/day over the Ist, 2nd, and 3rd days 
after saline and insulin infusion) showed no significant 
difference in total daily FI, whereas a two-way ANOVA 
(g/day over the Ist, 2nd, and 3rd nights after saline and insu- 
lin infusion) showed that nighttime FI decreased significantly 
after the insulin infusion relative to the saline infusion, 
F(1,36)= 14.67, p<0.001. The difference in daytime FI was 
not significant; 0800-1100 hr FI (not shown in Fig. 3b) in- 
creased significantly relative to the saline infusion (¢=2.69, 
p<0.05). A two-way ANOVA (g/day over the Ist, 2nd, and 
3rd 0800-1100 hr FI after saline and insulin infusion) showed 
that 0800-1100 hr FI increased significantly after the insulin 
infusion relative to the saline infusion, F(1,36)=7.74, 
p<0.01. 

Total daily and daytime WI was not significantly affected 
by either saline or insulin infusion relative to the pre-infusion 
average. WI was significantly depressed by saline infusion 
the Ist night after infusion from 29.1+0.6 to 26.4+1.4 ml (9% 
decrease, f=2.67, p<0.05), and recovered to the pre-infusion 
level in the 2nd night. Depression of WI by insulin was signif- 
icant on the Ist and 2nd nights after infusion (27.8+1.3 to 
22.1+1.5 ml, 21% decrease, t=2.50, p<0.05 and 27.8+1.3 to 
25.5+1.3 ml, 8% decrease, t=2.95, p<0.05, respectively), 
and WI recovered to the pre-infusion level in the 3rd night. 
Comparison between saline and insulin infusions (by two- 
way ANOVA) showed no significant differences in total 
daily and daytime WI during or after infusions. A two-way 
ANOVA (mi/day over the Ist, 2nd, and 3rd nights after 
saline and insulin infusion) showed that nighttime WI de- 
creased significantly after the insulin infusion relative to the 
saline infusion, F(1,36)=7.81, p<0.01. 

Group c. The results are presented in Fig. 3c. The total 
daily FI decreased significantly after saline infusion relative 
to the pre-infusion average from 28.2+0.9 to 25.2+1.2 g(11% 
decrease, f=2.54, p<0.05), and recovered to the pre-infusion 
level in the 2nd day. The nighttime FI decreased significantly 
from 20.9+1.2 to 17.4+0.9 g (17% decrease, +=5.33, 
p<0.001). This effect persisted through post-infusion day 5. 
The daytime FI increased significantly from the 2nd day after 
saline infusion from 6.7+0.7 to 8.4+0.7 g (25% increase, 
t=3.54, p<0.01); this effect persisted through day 5; 0800- 
1100 hr FI (not shown in Fig. 3c) increased but not signifi- 
cantly after saline infusion and this persisted through day 5. 
There was no significant difference in total daily FI after 
infusion of insulin relative to the pre-infusion average. Insu- 
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lin significantly decreased nighttime FI from 18.3+1.1 to 
16.3+0.6 g (11% decrease, t=2.99, p<0.02). This decrease 
persisted through the 2nd night (10% decrease, t=2.91, 
p<0.02) and diminished the 3rd night. The daytime FI was 
depressed but not significantly by insulin only in the Ist day 
and then recovered to the post-saline level; 0800-1100 hr FI 
(not shown in Fig. 3c) was increased but not significantly 
after insulin infusion. Comparison between saline and insulin 
infusions (by two-way ANOVA) showed no significant 
difference in total daily, night-, or daytime FI during or after 
infusions. 

The total daily and nighttime WI decreased significantly 
from the pre-infusion average after saline infusion from 
37.7+1.3 to 32.5+2.3 ml (14% decrease, t=2.55, p<0.05), 
and from 29.8+1.8 to 24.6+1.7 ml (17% decrease, t=4.92, 
p<0.01), respectively. Both recovered to the pre-infusion 
level in the 2nd day. The daytime WI increased significantly 
from the 2nd day after saline infusion: from 5.1+0.6 to 
8.2+1.1 ml (61% increase, t=3.45, p<0.01). This effect per- 
sisted through post-infusion day 5. Insulin significantly de- 
creased the total daily and nighttime WI from the pre- 
infusion average; from 37.8+1.8 to 32.4+2.5 ml (14% de- 
crease, t=2.61, p<0.05), and from 27.4+1.7 to 23.3+1.4 ml 
(15% decrease, t=2.54, p<0.05), respectively. Both re- 
covered to the pre-infusion level in the 2nd day. The daytime 
WI decreased slightly but not significantly after insulin infu- 
sion and recovered to the pre-infusion level in the 2nd day. 
Comparison between saline and insulin infusions (by two- 
way ANOVA) showed no significant differences in total daily, 
night-, or daytime WI during or after infusions. 

If we combine the results of groups a, b and c (n=25), 
comparison between saline and insulin effects on FI showed: 
(1) No significant difference in total daily FI after insulin 
infusion relative to saline infusion, (2) Significant decrease in 
nighttime FI after infusion of insulin; during the Ist day (8% 
decrease, f=2.91, p<0.01), and during the 2nd day (12% de- 
crease, t=3.73, p<0.01) relative to saline infusion. A two- 
way ANOVA (g/day over the Ist, 2nd, and 3rd nights after 
saline and insulin infusion) showed that nighttime FI de- 
creased significantly after the insulin infusion relative to the 
saline infusion, F(1,144)=13.33, p<0.001. Even if we ex- 
clude Experiment c, nighttime FI was still significantly de- 
creased after insulin infusion relative to saline infusion at the 
Ist day (8% decrease, t=2.20, p<0.05) and at the 2nd day 
(14% decrease, t=3.74, p<0.01). A two-way ANOVA (g/day 
over three nights) showed that nighttime FI decreased signif- 
icantly after the insulin infusion relative to the saline infu- 
sion, F(1,90)= 13.64, p<0.001, (3) Daytime FI increased sig- 
nificantly after insulin infusion only in the Ist day (25% in- 
crease, f=5.43, p<0.001) relative to saline infusion. A two- 
way ANOVA (g/day over three days) of Experiments a and b 
showed that daytime FI increased significantly after the insu- 
lin infusion relative to the saline infusion, F(1,90)=4.71, 
p<0.05. On the other hand, total daily, night- and daytime 
WI showed no significant differences (by two-way ANOVA) 
after insulin infusion relative to saline infusion when the 
three groups were combined. 


Discussion 


In Experiments a and b, the FI results support the hy- 
pothesis that insulin influences FI with a long-delayed and 
long-lasting effect, suppressing FI during nighttime. 

In Experiment c, saline significantly decreased nighttime 
FI and increased daytime FI both to new stable levels. As a 
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FIG. 4. Mean total daily, nighttime and daytime food intakes for rats receiving 2.0 m1U/rat/24 
hr of insulin (b, n=8) or boiled insulin (a, controls, n=7) into the III ventricle from osmotic 
minipumps. Values, mean+SE, g. Pre-pump period, average of 7 previous days before 
minipump implantation. Active 2, 3, and 4 days post-implantation. Inserts (right upper to 
lower), average of the last three days before implantation (Pre) and days 2, 3, and 4 post- 
implantation (Post) of each group; significant differences intra- and inter-groups are shown in 
the figure (two-way ANOVA). Significant differences from control: *p<0.02; **p<0.001; 
tp<0.05 (two-sample Student’s f-test). Significant differences from pre-pump averages: 
$p<0.05; §p<0.02 (paired-sample Student’s f-test). 


result, total daily FI was unchanged except on the day of 
saline infusion. On the other hand, insulin infusion decreased 
both day- and nighttime FI, both of which then recovered to 
the pre-infusion level. Experiment c suggests that FI was 
more sensitive than WI to saline infusion, because FI per- 
sisted low after saline infusion, but WI recovered to the pre- 
infusion level. 

In Experiments a, b, and c, the tendency to increase FI in 
the daytime and 0800-1100 hr may have been compensation 


for the nighttime decrease. The tendency to increase daytime 
WI might be due to the prandial drinking. In Experiments a, 
b, and c the results are consistent with the direct influence of 
FI on WI; for both saline and insulin infusion, WI decreased 
along with the decrease of FI. 

The conclusions of Experiments a, b, and c are: 

(1) Saline plus insulin administration produces reliable addi- 
tive effects in decreasing FI. Quite small doses of insulin (0.5 
mIU or 3.4x10- M) were used to avoid deviation from 
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TABLE 3 
AMOUNT IN WATER INTAKE BEFORE AND AFTER IMPLANTATION OF THE MINIPUMPS 





Treatment 


Group (n) Pre-pump 


Active 2 Active 3 Active 4 





Day WI 3.1+ 0.5 
Night WI 25 2 1.7 
Total daily WI 324 2 1.7 


Day WI 5.2 + 0.8} 
Night WI 28.7 + 1.4 
Total daily WI 33.9219 


Boiled (7) 
Insulin 


Insulin (8) 


5.6 + 2.0 
28.4 + 1.2 
34.0 + 2.6 


12:6 212 
24.7 + 1.3 
36.6 + 2.0 


3.9 + 1.2 
30.4 + 2.0 
34.2 + 2.6 


9.4 + 1.4f 
21m x 2:1 
36.8 + 2.0 


4.8 + 1.0 
30.2 + 1.6 
35.0 + 1.8 


9.2+ 1.8 
26.6 + 1.6 
33.7-+ 2.1 





Effect of III-ICV chronic infusion of 2.0 mI] U/rat/24 hr of insulin or boiled insulin from osmotic minipumps on mean day- 
and nighttime and total daily WI. Values, mean + SE, ml. n, No. of rats. Pre-pump, average of 7 days before minipump 
implantation. Active 2, 3, and 4, days post-implantation. 


Significant differences from control: *p<0.05; tp<0.02 (two-sample Student's t-test); $p<0.01 (two-way ANOVA). 


physiological conditions as much as possible. Although the 
results reveal that the action of insulin is small, we cannot 
disregard that this small effect of insulin might be considered 
a physiological participant in the regulation of feeding. The 
fact that the significant differences in nighttime FI between 
saline and insulin infusions were not accompanied by signifi- 
cant changes in WI, support the notion of behavioral speci- 
ficity. 

(2) The FI sensitivity of animals to infusions of saline or 
insulin might change with the age and size of the animals. 
Although the amounts of exogenous insulin were per rat and 
not per BW, this factor appears not to be critical, since insu- 
lin was much more effective in the middle size group of 
animals, whereas saline was more effective in the larger size 
group. The normal FI pattern might also influence response 
to infusion; normal FI differed for the three groups, with the 
older animals tending to have higher control FI during the 
day. This experiment suggests the importance of using young 
and old animals under otherwise identical conditions to 
identify sensitivity variation to one experimental manipula- 
tion. Age related changes of brain sensitivity to small 
amounts of exogenous insulin might depend on changes in 
number or affinity of insulin-binding sites and/or changes in 
the concentration of insulin or insulin-like material (I-LM) in 
specific brain target sites. This could apply to other 
neuropeptides as well. 

(3) Even with differences such as measurement 
schedule, doses of insulin, volume of vehicle and rate of 
infusions, comparison of results from Experiments 1 and 3 
(e.g., 2.0 mIU insulin-treated group in Experiment 1 and 
Experiment 3b) verify correlation between BW (and induc- 
tively, age) and effects of insulin. Animals with BW of about 
340-390 g were more sensitive to the effect of insulin de- 
creasing FI after III-ICV administration; older animals were 
more sensitive to the effects produced by saline alone after 
III-ICV administration (Experiment 3c). Experiment 3 sup- 
ports Experiment 1 in that saline alone significantly de- 
creased total daily FI when administered at 1100 hr, whereas 
pre nighttime (Experiment 2) saline did not. Furthermore, 
Experiments 1 and 3 support the notion that saline and insu- 
lin decreased FI independently and by different modes of 
action; while the effect of saline in Experiments 1 and 3 was 
not dese-dependent (about 10% decrease using 5 or 10 pl, 
so this effect cannot be explained by intraventricular pres- 


sure changes), the effect of insulin in Experiment | tended to 
be dose-dependent. 

(4) The methods of Experiment 3 appear to afford a sensi- 
tive method for evaluating bioactive substances. 


EXPERIMENT 4 
Results 


The FI results are shown in Fig. 4. The pre-pump data are 
averages of the 7 days preceding minipump implantation un- 
less otherwise stated. There was no significant difference 
between the control and insulin group in total daily and 
nighttime pre-pump FI. The total daily FI of the insulin 
group was significantly lower on the 2nd (20.4+2.3 g) and 4th 
(21.4+ 1.6 g) days post-implantation than the pre-pump level 
of the same group (26.0+1.0) (22% decrease, t=2.54, 
p<0.05, and 18% decrease, t=3.25, p<0.02, respectively, 
paired-sample Student's t-test). As shown in Fig. 4 (insert, 
upper right) a two-way ANOVA (g/day over the last three 
days before implantation and the 2nd, 3rd, and 4th days 
post-implantation; the Ist day was allowed for post- 
implantation recovery) showed significant total daily FI de- 
crease in the insulin group, F(1,42)=12.75, p<0.01; whereas 
the same analysis in the control group showed no significant 
difference. A two-way ANOVA (g/day over the 2nd, 3rd and 
4th days post-implantation) showed significant total daily FI 
decrease in the insulin group relative to the control group, 
F(1,39)=5.28, p<0.05 (Fig. 4, insert, upper right). 

The nighttime FI of the insulin group was significantly 
lower in all days than the pre-pump levels of this group 
(21.2+0.6 g). Respective control and insulin group decreases 
in nighttime FI post-implantation were (Fig. 4, middle): 
18.2+0.9 to 13.2+1.3 g (27% decrease, t=2.87, p<0.02) on 
the 2nd day; 19.8+1.1 to 14.3+1.3 g (28% decrease, t=2.93, 
p<0.02) on the 3rd day; and 20.2+0.7 to 14.7+0.9 g (27% 
decrease, 1=4.45, p<0.001) on the 4th day. A two-way 
ANOVA (g/day over the 2nd, 3rd, and 4th days post- 
implantation) showed that nighttime FI in the insulin group 
significantly decreased relative to the control group, 
F(1,39)=31.24, p<0.001, as shown in Fig. 4 (insert, middle 
right). The respective average decreases of nighttime FI on 
the 2nd, 3rd, and 4th days after implantation from the pre- 
infusion average (21.7+0.9 for control and 21.1+0.6 g for 
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TABLE 4 
AMOUNT IN WATER INTAKE BEFORE AND AFTER IMPLANTATION OF THE OSMOTIC MINIPUMPS 





Treatment 
Group 


Pre-pump 
Period 


Pump 
Period 


Post-pump 
Period 





Day WI 
Night WI 
Total daily WI 


Day WI 
Night WI 
Total daily WI 


Boiled 
Insulin 


Insulin 


2.9 + 0.5 
31.5 + 2.4 
34.4 + 2.3 


4.3 + 1.3 
27.4 + 1.2¢ 
31.7 + 1.8 


5.3 + 2.0 
29.3 + 2.6 
34.6 + 3.8 


4.2 + 0.6 
28.4 + 1.6 
32.6 + 1.6 


5.9 + 2.1 
26.5 + 1.4 
32.4 + 2.0 


44+ 1.4 
24.0 + 1.1§ 
28.4 + 2.24 





Groups, WI of 3 subjects; average of 7 days (pre-pump), of 6 days (during pump), and of 5 days 


(post-pump). 


Significant differences from control: §9<0.001 (two-way ANOVA). Other explanations same as for 


Table 3. 


insulin group) were: 16, 9 and 7% for the control group (aver- 
age of 11% decrease, two-way ANOVA, F(1,36)=8.61, 
p<0.01), and 38, 33 and 31% for the insulin group (average of 
34% decrease, two-way ANOVA, F(1,42)=86.98, p<0.001) 
(Fig. 4, insert, middle right). 

Daytime FI of the insulin group differed significantly from 
the pre-pump level (4.9+0.7) or the corresponding control 
level (4.3+0.4) on the 4th day (4.3+0.4 to 7.1+1.0 g, 65% 
increase, t=2.40, p<0.05) (Fig. 4, lower). A two-way 
ANOVA of daytime FI (g/day over the 2nd, 3rd, and 4th 
days post-implantation) showed significant increase in the 
insulin group relative to the control, F(1,39)=7.84, p<0.01, 
as shown in Fig. 4 (insert, lower right). However there was 
also a significant difference before implantation between the 
insulin and control groups (analysis not shown). A two-way 
ANOVA (g/day over the last three days before implantation 
and 2nd, 3rd, and 4th days post-implantation) showed a sig- 
nificant increase in daytime FI in both the control group, 
F(1,36)=9.69, p<0.01, and in the insulin’ group, 
F(1,42)=10.42, p<0.01. 

The total daily, night-, and daytime WI is shown in Table 
3. A two-way ANOVA (mi/day over the 2nd, 3rd, and 4th 
days post-implantation, not shown in the Table) showed that 
total daily WI did not change significantly, while nighttime 
WI decreased, F(1,39)=5.69, p<0.05, and daytime WI in- 
creased (F(1,39)=17.23, p<0.001; 114% increase, t=2.59, 
p<0.05; on the 2nd day: and 141% increase, t=2.79, p<0.02 
on the 3rd day; Table 3) in the insulin group relative to the 
control; however the same analysis before implantation 
showed that daytime WI was also significantly different be- 
tween groups, F(1,39)=8.04, p<0.01. A two-way ANOVA 
(not shown in Table 3) in the insulin group (ml/day over the 
last three days before implantation and the 2nd, 3rd, and 4th 
days post-implantation) showed no significant difference in 
total daily WI, while nighttime WI significantly decreased, 
F(1,42)=4.89, p<0.05, and daytime WI _ increased, 
F(1,42)=24.47, p<0.001; furthermore, a two-way ANOVA 
showed that total daily, night-, and daytime WI of the control 
group did not change significantly. 

The averages of BW were 294.0+4.7 g for the control, and 
289.1+4.0 g for the insulin group on the 7th day before im- 
plantation and 328.0+4.7 and 319.6+4.9 g, respectively, on 
the last day before implantation. These weights were 
334.6+7.3 and 320.3+7.3, respectively, at the end of the 4th 
day after implantation. 
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FIG. 5. Mean total daily, nighttime and daytime food intakes for rats 
receiving 2.0 mIU/rat/24 hr of insulin (b, n=3) or boiled insulin (a, 
controls, n=3) into the III ventricle from osmotic minipumps. Val- 
ues, mean+SE, g; average of 7 days (pre-pump), of 6 days (during 
pump), and of 5 days (post-pump). Significant differences from con- 
trol: *p<0.01 (two-way ANOVA). 
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FIG. 6. Effects of III-ICV infusion of 2.0 mIU/24 hr of insulin from 
osmotic minipump on 24-hr feeding pattern. Top panel, base-line 
control. Middle panel, day 3 after minipump implantation. Bottom 
panel, day 4 after minipump implantation. Each upper trace, loco- 
motor activity (No. of crossings of 9 points on rat cage floor). Each 
middle trace (upward deflection), No. of pellets eaten. Each lower 
trace (downward deflection), No. of water drops drunk. All param- 
eters measured every 10 min. Shaded area, dark phase. Total No. for 
24 hr indicated at right of each trace. 
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Patterns of FI and WI were similar for animals that re- 
ceived cephalothin sodium and animais that did not. As 
shown in Fig. 5 (a and b, upper to lower) a two-way ANOVA 
of FI (g/day during pre-pump) revealed no significant differ- 
ence between groups in total daily, night-, or daytime FI. 
During the pump period nighttime FI in the insulin group 
decreased significantly relative to the control; 17.7+1.1 (a, 
control) to 13.8+2.0 (b, insulin) g (22% decrease, two-way 
ANOVA, F(1,35)=20.01, p<0.01) as shown in Fig. 5 (mid- 
dle); whereas the daytime FI increased slightly in both 
groups (Fig. 5, lower). In addition, in the post-pump period 
the insulin group also decreased FI significantly at nighttime; 
18.2+0.9 (a) to 16.3+0.8 g (b) g (10% decrease, 
F(1,29)=9.36, p<0.01), although the difference was far less 
than in the active pump period (Fig. 5, middle). 

The effect on WI is summarized in Table 4. Total daily 
and daytime WI were similar between groups before implan- 
tation. The nighttime WI presented a significant difference 
before minipumps (two-way ANOVA, F(1,41)=9.19, 
p<0.01) and in the post-pump period, F(1,29)=19.16, 
p<0.001, but not during the pump period. The daytime WI 
was the same during the pump and post-pump periods. The 
total daily WI decreased significantly in the insulin group in 
the post-pump period (13% decrease, F(1,29)=9.41, p<0.01). 

The total daily, night-, and daytime ratios of WI to FI of 
the control group, respectively were: 1.45, 1.50, and 1.08 at 
pre-pump; 1.59, 1.65, and 1.30 at pump; 1.48, 1.57, and 1.09 
at post-pump. The total daily, night-, and daytime ratios of 
WI to FI of the insulin group, respectively were: 1.32, 1.33, 
and 1.28 at pre-pump; 1.26, 1.92, and 1.75 at pump; 1.38, 
1.47, and 1.02 at post-pump. 

The BW averages of the cephalothin sodium treated 
animals were: 331.1+6.5 g for the control, and 310.0+4.9 g 
for the insulin group on the last day before implantation, 
339.7+6.6 and 304.5+7.1 g, on the 7th day of the pump 
period, and 357.0+7.5 and 319.7+8.0 g, respectively, at the 
end of the post-pump period (12th day post-implantation) 

Patterns of one animal’s locomotor activity, feeding and 
drinking receiving 2.0 mIU/24 hr of insulin from osmotic 
minipump are shown in Fig. 6. Total FI, WI, and locomotor 
activity decreased 33, 17, and 10%, respectively in the 3rd 
day post-implantation, and 29, 13, and 9%, respectively in the 
4th day post-implantation. Meal size at night decreased from 
an average of 85 (37-172) pellets before implantation to 67 
(29-116, 21% decrease) and 65 (49-103, 24% decrease) pellets 
in the 3rd and 4th days post-implantation, respectively. Meal 
duration at night remained unchanged (about 55 min) before 
the post-implantation, whereas intermeal interval at night 
increased from an average of 83 (40-140) min before implan- 
tation to 103 (60-150, 24% increase) and 100 (60-140, 
20% increase) min in the 3rd and 4th days post-implantation, 
respectively. Eating rate at night decreased from an average 
of 1.55 pellets per min before implantation to 1.34 and 1.04 
pellets per min in the 3rd and 4th days post-implantation, 
respectively. The decrease in WI was probably due to re- 
duction in prandial drinking. During the daytime, the average 
meal size and meal duration before and post-implantation 
were almost the same. 


Discussion 


The results show that very slow chronic infusion of 
small amounts of insulin over a long time (in our study 
about 80 ~IU/uW/hr) was much more effective than single 
infusion. In this case, saline plus boiled insulin and saline 
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plus insulin decreased nighttime FI relative to the pre- 
infusion value by averages of 11 and 34%, respectively, dur- 
ing the 2nd, 3rd, and 4th days post-implantation. This means 
that insulin was at least 22% more effective than saline plus 
boiled insulin in decreasing FI during this period; subtraction 
yielded a difference for control, 2.3 g; difference for insulin, 
7.1 g; balance due to insulin, 4.8 g; total nighttime FI pre- 
pump average for both control and insulin groups, 21.5 g (4.8 
g/21.5 g x 100). 

It has been reported that III-ICV infusion of 7.5 and 10.0 
m1U/rat/24 hr from osmotic minipumps in normal rats de- 
creased FI but 5.0 mIU/rat/24 hr did not [9]. We found that 
III-ICV infusion of 2.0 mIU/rat/24 hr decreased FI in normal 
rats. In support of this, it has been reported that 2.0 
mIU/rat/24 hr, by the same route, decreased FI of lean 
Zucker (Fa/Fa) rats [35]. Chronic infusions of insulin via 
other routes in the rat have also decreased FI. Some exam- 
ples are: 7.5 mlU/hr at the level of the descending fornical 
columns [53], 1.0, 2.0 and 6.0 IU/24 hr, IP [87], and nocturnal 
intravenous infusion of 25 and 50 m{U/hr [43]; moreover, 10 
and 100 ywIU/kg/24 hr into the lateral cerebral ventricle 
(LCV) of baboon [95] decreased daily FI. 

During the pump period, FI decreased significantly only 
at night. This is consistent with previous reports that sup- 
pression of rat FI was limited primarily to the dark phase of 
the circadian cycle after IP [86] or III-ICV [9] chronic infu- 
sion of insulin. 

It is not possible to determine from our data whether the 
increase in the daytime FI in both control and insulin groups 
relative to the pre-pump levels depends on compensation for 
the previous night FI decrease or on diurnal differences in 
sensitivity to the effects of saline and/or insulin. It has been 
reported that insulin infusion close to the suprachiasmatic 
nucleus (SCN) [52] decreased nighttime FI and increased FI 
during daytime; this was concluded to be due to disturbance 
of circadian rhythm. It has also been reported that chronic 
infusion of a high dose (100 mIU/hr) of insulin into the LCV 
of rats [52] elicited circadian feeding change similar to that 
elicited by infusion into the SCN; however, daytime FI in- 
crease was far less. 

It seems possible that chronic infusion of 2.0 mIU/rat/24 
hr insulin might be an overdose, because its effect tended to 
persist after the end of the infusion; alternatively, it is possi- 
ble that this effect was produced by a chronic action of insu- 
lin within a specific target site in the CNS. In support of these 
results, intravenous infusion of glucose alone or with insulin 
in the baboon [96], produced a reduction of FI that persisted 
for some time after the infusion was terminated, and rats 
infused with a high dose (10.0 mIU/24 hr) of insulin III-ICV 
from osmotic minipumps continued to eat less for several 
post-infusion days [9]. 

During the pump period the decrease in FI was not ac- 
companied by a decrease in WI; although this could be ex- 
plained by behavioral specificity, in the three day test period 
the changes in WI depended on FI changes (prandial drink- 
ing), and began to recover later. In support of this, it has 
been reported that III-ICV infusion of 5.0 and 7.5 miU insu- 
lin/24 hr reduced WI during the Ist three days post- 
implantation and then began to recover [9]. It appears that 
chronic III-ICV infusion of small amounts of insulin in the 
rat is feeding specific, although we believe that individual 
sensitivity should be considered. In addition, the WI to FI 
ratio changes also indicated behavioral specificity and that 
insulin had a greater effect on FI than it did on WI (44% 
increase in pre-pump to pump nighttime ratio in the insulin 
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group in comparison with 10% increase in the control group; 
subtraction=31% difference between control and insulin 
groups). The increase in daytime WI could be considered as 
a secondary response to the increase of FI during the day, 
but we cannot exclude the possibility of a direct effect of 
insulin, since it has been reported that high doses of regular 
insulin elicited drinking [41,93]. 

Insulin produced a complete blockade of weight gain for 
the Ist three days and the average BW decreased during the 
pump period only in this group. This weight loss could be 
related to suppression of FI (decreased caloric intake), or 
perhaps to alteration of energy expenditure by insulin. 

The amounts of insulin administered in this study were 
smaller than the doses reported in other similar studies in 
normal rats [9,52], and the different effective doses are 
perhaps related to critical importance of the dose, or differ- 
ence in the locations of the infusions (e.g., the position of the 
cannula in the III ventricle was different in our study than in 
the study of Brief and Davis [9]), or different species and 
methods. 


GENERAL DISCUSSION 


These four studies suggest the following: (1) Acute III- 
ICV infusion of small amounts of insulin decreased signifi- 
cantly FI with short-term, long-delayed and long-lasting ef- 
fects depending on the experimental model, (2) Chronic infu- 
sion of insulin is much more effective in decreasing FI than 
is a single infusion, (3) The effect of insulin decreasing Fl 
might be dependent on age related changes of brain sensitiv- 
ity to the hormone, (4) The results in WI and the WI to FI 
ratios support the notion of behavioral specificity (feeding 
specific). 

Specific interaction between insulin and binding sites 
after I1I-ICV administration may occur within the hypothal- 
amus. This evidence is supported by: (1) Studies of insulin 
binding sites and their distribution in the hypothalamus [30, 
42, 57], (2) Controversial studies of insulin or I-LM on 
areas/nuclei of the hypothalamus [3, 5, 21, 31], (3) Demon 
stration that blood-borne insulin can reach specific hypotha- 
lamic target sites [82,88]. Although all nuclei and regions of 
the hypothalamus may be potential target sites for some pos- 
tulated insulin actions, there is evidence that the lateral hypo- 
thalamic area (LHA) and the ventromedial hypothalamus 
(VMH) are intra-hypothalamic target sites for the hormone 
[18, 56, 82]. Electrophysiological studies under anesthesia 
showed that direct electrophoretic application of insulin 
alone on rat VMH glucoreceptor neurons, which increase 
firing dose-dependently upon electrophoretic glucose appli- 
cation, slightly depressed neuronal discharge, whereas it 
greatly enhanced the effect of glucose when both were 
applied simultaneously [56]. Insulin in the LHA dose- 
responsively excited glucose-sensitive neurons [56], which 
decrease firing upon application of glucose [56]. Insulin exci- 
tation of LHA neurons is depressed by simultaneous appli- 
cation of glucose [56], while IP administration of insulin into 
hyperglycemic rats [32] decreased the firing rate of the 
LHA neuron. Insulin administered in the VMH reduced 
short-term FI [29], while insulin antibodies into the VMH 
increased nighttime FI [80]. 

Electrophysiological, immunohistochemical, radioauto- 
graphic, and radioimmunoassay evidence of other possible 
CNS target sites for insulin action after I1I-ICV administra- 
tion include: the area postrema [11, 88, 89, 92] and other 
circumventricular organs (CVOs), the paravagal region [88], 
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the NTS [28,90], and other nuclei of the medulla oblongata 
[21]. In fact, any nucleus or complex in the underlying brain 
tissue close to the ependymal lining of the ventricles, or near 
the subarachnoid space might be possible sites for insulin 
action after ICV administration. 

The evidence of possible transport or transfer of insulin 
from the CSF through the ependymal lining of the ventricular 
system (perhaps also between the subarachnoid space and 
the underlying brain parenchyma) after ICV administration 
includes: (1) Specific binding of ['**I]-iodoinsulin to rat as- 
trocytes [1,14]. This could assume the role of an insulin- 
concentrating and/or distributing system and a mechanism 
for insulin uptake from CSF or plasma, (2) The presence of 
potential sites for insulin binding in the choroid plexi [62] and 
ventricular ependyma [62,99] and I-LM in the latter [21] have 
been shown. In mouse, fluorescence for I-LM was shown in 
ependymal cells, and in the hypothalamus ependymal proc- 
esses extended to the paraventricular, dorsomedial, arcuate 
and ventromedial nuclei [62], (3) Autoradiographic grains 
were visible over the ependymal lining of the III ventricle 
after injection of ['*°I]-iodoinsulin into the LCV of rats [5]. 


Implications of Insulin-Dose Responses 


Although insulin might be transferred in both directions 
between the brain-CSF and blood through the blood-brain 
barrier and across CVOs, it is important to note that if there 
is passage from CSF to the periphery [33], the amount of 
insulin administered centrally, and the duration of adminis- 
tration, are vital in interpreting if the effects are central or 
peripheral. A small dose of hormone may act in the CNS 
without affecting peripheral organs. 

There is evidence that the dose range in which insulin is 
effective is very limited. Intraportal infusion of 6.0 mIU of 
insulin/kg/min for 15 min depressed FI in sheep, whereas 
despite the lower resultant systemic concentrations, a 2.0 
mIU dose was more effective [19]. In rats, 2.0 1U/24 hr from 
osmotic minipumps (IP) was more effective in limiting 
weight gain than 1.0 or 6.0 IU/24 hr [87]; also in rats, sham 
intake was reduced more by 0.4 IU (IP) than by 0.75 IU [54], 
and administration of 244 mIU of insulin into the LCV of rats 
did not alter FI [84]. The evidence mentioned here shows: (1) 
The effect of insulin as an agent in the decrease of FI de- 
pends on the use of small doses, (2) In rats IJ-ICV insulin 
suppressed feeding with potency more than 1000 times that 
of peripheral administration, suggesting its direct action in 
the CNS. 

It is difficult to know how much of the insulin used in this 
and other studies mimics endogenous CSF insulin in timing 
and achievement of local concentration of the hormone. In 
the normal Wistar rat the concentration of insulin in the CSF 
is 0.2 to 17 w1U/ml (22, 55, 78] (sensitivity of RIA?). If the 
volume of rat CSF is about 300 ul [74], the concentration of 
insulin, if not metabolized, could be estimated as about 6.6 
mIU/ml after a single 2.0 mIU infusion and about 1.7 mIU/ml 
after 0.5 mIU administration. Further, if we consider the 
rats’ normal rate of CSF secretion (2.2+0.3 yl/min [15], 
about 0.7% per min), the concentration of the hormone after 
5, 10, and 20 hr would be about 12, 1.5, and 0.02% of the 
initial amount (i.e., 200, 25, and 0.3 «IU/ml after 0.5 mIU 
administration). There is evidence that CVOs are exposed to 
CSF and to blood-borne insulin (e.g., median eminence [5], 
area postrema), and can monitor changes in its concentra- 
tion; blood-borne insulin can increase to 80-110 «IU/ml or 
more after starting to eat [57], so the amounts of insulin 
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administered in these studies are not out of the physiological 
range for some brain regions. It is also difficult to know how 
much insulin diffuses from the CSF across the ependimary 
epithelia and pial surfaces into the brain parenchyma. Indi- 
rectly, from previous reports of radiolabelled insulin and 
chemicals, insulin within the brain regions surrounding the 
ventricular cavities after ICV administration may be less 
than 2% [5, 6, 51] of the initial amount. Thus, the insulin 
available to act within a specific brain target sites around the 
ventricular spaces (e.g., hypothalamus) after 0.5 mIU admin- 
istration might be less than 10 wIU or 0.41 ng (less than 2 
IU [0.08 ng], 5 hr after infusion). 


Effect of Insulin on FI 


Our results support the view that insulin might be one of 
the long-term neuroendocrine signals to control FI [95]. It 
was suggested that insulin serves as adiposity signal to the 
CNS [65], and that CSF insulin level may serve as a control 
point [95]. It was reported that CSF insulin content changed 
during normal meals in baboons; increasing from 3 to 3-10 
IU/ml during a meal [94]. Elevation of plasma insulin was 
reported to produce a proportionate rise in CSF insulin in 
baboons and rats [64], and it was postulated that elevation of 
CSF insulin may lead to reduction in FI and BW [95]. The 
effect of ICV chronic infusion of insulin in normal animals 
might be interpreted to indicate rise in the normal adiposity 
signal so the animals responded as if they were overweight 
and then defended the actual weight loss [95]. Moreover, in 
rats the preabsorptive phase of insulin release [45], and the 
endogenous release during feeding [81] might provide phys- 
iological participation of the insulin in limiting the size, and 
hasten the termination of a meal, or facilitate other satiety 
factors. 

Depending on the amount of insulin, state of energy bal- 
ance and time of administration, insulin could act as either a 
hunger- or satiety-inducing peptide. Insulin might only pro- 
mote decrease in FI when sufficient metabolic substrates are 
available; if small amounts of insulin are infused chronically 
and slowly enough, acute changes in metabolism are pre- 
vented from developing, so FI is reduced. On the other hand, 
administration of high doses of insulin (e.g., subcutaneously) 
consistently elevates FI [25,60]. In general, the short-term 
effects may depend on acute depletion of blood stream sub- 
strates (e.g., hypoglycemia), whereas the long-term effects 
depend on chronic shifts in metabolic balance. 


Possible Action of Insulin in FI and BW Regulation 


The chronic action of insulin in influencing FI has to con- 
sider a multilayered organization. The effect of exogenous 
insulin on decrease of FI might be related to: 

(1) Insulin mediated insulin receptor internalization that 
results in the down-regulation process, receptor loss, and 
desensitization [20, 44, 48, 89], and may activate some 
intracellular components. The chronic infusion of insulin 
might cause chronic desensitization of specific brain target 
sites with persistence of the effect at the end of the infusion. 
In support of this long-delayed and long-lasting effector sys- 
tem, chronic desensitization is often accompanied by true re- 
ceptor loss (down-regulation, without change in receptor affin- 
ity or diminished receptor function), develops slowly and is 
frequently slowly reversible [12]. The fact that insulin decrease 
of FI diminishes at slightly higher concentrations (Experiment 
1, [19,87]), suggests desensitization, activation of other 
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neural systems within the brain, and negative cooperation to 
maintain insulin sensitivity at low concentrations, but at- 
tenuation of cellular responses to higher concentrations [27]. 

(2) It seems that insulin has hypnogenic properties [16, 17, 
71}. We do not know if the effect of insulin as a promoter of 
hypnosis is related to the decrease of FI in some experi- 
mental models. In our experiment with osmotic minipumps 
(Fig. 6), we cannot ascribe the suppression of nighttime FI to 
depression of general behavior, because locomotor activity 
in general was not much different during the pump period 
than in the pre-pump period (some rats decreased an average 
of about 10% but this was not consistent, even in the same 
animal). 

(3) The action of insulin in decreasing FI may include 
slow metabolic integration of incoming nutrients within spe- 
cialized cells in the CNS (e.g., VMH) on the basis of the 
postulated local adipokinetic mechanism in the CNS that 
responds to insulin [61], the suggested existence of a repre- 
sentation of the body’s adipose mass within the brain [53], 
and the postulated model of a VMH lipostatic mechanism 
activated by insulin [44]. Thus, stimulating the system with 
insulin, a lipogenic agent, is expected to lower BW. In sup- 
port to this, it was postulated that the VMH might mediate 
long-term energy regulation through local, insulin-promoted 
storage of nutrients [59], and fragments of hypothalamus of 
obese rats contain more lipids than those of control or lean 
rats [65]. Thus, insulin might promote lipogenesis in some 
parts in the CNS. Moreover, insulin might participate in the 
modulation of energy expenditure by its action in the VMH. 

(4) There is evidence that insulin may influence hypotha- 
lamic NA turnover [7, 46, 73], and then influence some neu- 
rochemical mechanisms that involve noradrenergic (or 
perhaps other catecholaminergic) neurons, mainly in the 
hypothalamus. In the LHA, insulin produced a slight eleva- 
tion of NA [50]; considering NA’s inhibitory role, an eleva- 
tion of NA in the LHA should result in an inhibition of feed- 
ing. 
(5) It has been reported that III-ICV injection of small 
amounts of insulin in the rat stimulated increased levels of 
thyrotropin-releasing hormone (TRH) and thyrotropin [49]. 
Since TRH inhibits FI [91], perhaps mainly by direct 
facilitation of glucoreceptor neurons in the VMH [36], this 
possibility should also be considered. On the other hand, the 
insulin receptor possesses considerable homology with the 
insulin-like growth factor-I receptor (IGF-I receptor) [8], and 
circulating antibodies to the insulin receptor may cross react 
(heterospecific receptor regulation) with the IGF-I receptor 
[70]. In some cases this cross reaction might explain effects 
of insulin at supraphysiological concentrations, such as 
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stimulation of neuritic growth [34,68]. This cross reaction 
between insulin and IGF-I receptor can also participate in 
regulation of FI and BW, since ICV administration of 
insulin-like growth factors (IGFs) decreased FI over 24 hr 
[84]. The presence of binding sites for IGFs throughout the 
brain have also been shown [72]. Since the suppression of FI 
by IGFs is stronger than the insulin effect, potential partici- 
pation of this cross reaction between insulin and IGF-I re- 
ceptors in the long-term regulation of feeding remains to be 
determined. 


Some Clinical Implications 


There is evidence of participation of CSF and brain insu- 
lin in some clinical conditions. The levels of insulin in the 
CSF of obese humans are greater than in lean humans [58], 
and the level of both decreased during prolonged fast and 
weight loss [58]. The obese rats also have high levels of 
insulin in plasma and CSF [24,78], although they showed low 
amounts of insulin in the brain [4]; a decrease in brain insulin 
binding [23], or failure to convey sufficient insulin to specific 
CNS target sites [24], or functionally deficient brain insulin 
binding sites might contribute to the hyperphagia and obesity 
in these animals. Circulating insulin levels are directly re- 
lated to the degree of adiposity [2], and high plasma insulin 
levels and peripheral tissue resistance to the action of insulin 
are associated with obesity in both humans [66], and animals 
[79]. Induced increase in BW increases plasma insulin levels 
[75], and plasma insulin levels decline when overweight 
people or animals are induced to lose BW [38]. Since less 
than 1% of obesity can be ascribed to an identifiable cause, 
some types of obesity might be due to decreased insulin 
activity in the CNS. 

In conclusion, although the function of insulin as a true 
satiety hormone is still not proved, probably in part due to 
the difficulty in using small amounts of insulin and to the 
variety of action of this hormone on FI, the present study 
and previous evidence suggests that insulin may participate 
as a Signal in the overall control of feeding. Moreover, how 
insulin in the blood and brain-CSF interact with central and 
peripheral satiety mechanisms in the control of short- and 
long-term FI still remains unclear. 
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PLATA-SALAMAN, C. R. AND Y. OOMURA. Effect of intra-third ventricular administration of insulin on food intake 
after food deprivation. PHYSIOL BEHAV 37(5) 735-739, 1986.—It has been suggested that insulin may participate as a 
signal in the overall control of feeding. To further study this possible role of insulin, food-deprived male Wistar rats were 
subjected to intra-third cerebro-ventricular infusions of insulin. Infusion of 0.5 and 2.0 mIU/rat at 0745 hr, and 2.0 mIU/rat 
of insulin at 1900 hr in 24.5 hr food-deprived rats, and 2.0 mIU/rat of insulin at 2200 hr in 4 hr food-deprived rats did not 
significantly affect food intake. Infusion of the high dose of 8.0 mIU/rat of insulin at 2200 hr in 4 hr food-deprived rats 
significantly decreased food intake with a long-delayed and long-lasting effect. This and previous evidence suggest that 
intra-third ventricular administration of small amounts of insulin induce a decrease of food intake only in non-food-deprived 


rats. 
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INSULIN has been reported to represent a signal for the 
regulation of food intake (FI) [2, 17, 20]. Evidence obtained 
in non-food-deprived animals shows that chronic infusion of 
small amounts of insulin by several routes decreases FI [2, 5, 
13, 18, 20]. Insulin also decreases FI in short-term in some 
experimental models [3, 8, 11, 13]. This study was estab- 
lished to test the possibility that the effect of insulin on de- 
crease of FI after intra-third cerebro-ventricular (III-ICV) 
administration is influenced by short- and long-term food 
deprivation. 

The purposes of Experiments | and 2 were investigation 
of the effects of III-ICV infusion of insulin on FI and water 
intake (WI) by food-deprived rats for long period at just be- 
fore the start of either the light or dark period. Experiment 3 
was to determine the effect of III-ICV infusion of insulin in 
food-deprived rats for short period. 


GENERAL METHOD 


The general methods were the same as previously de- 
scribed [13], unless otherwise stated. All results were ex- 
pressed as mean+SD. Each animal was used for only one 
III-ICV infusion. Most statistical analyses were performed 
using the two-sample, two tailed Student’s f-test. Other 
statistical analyses are indicated where appropriate. Differ- 
ences were considered to be significant for p<0.05. 


Experiment | 


The design is shown in Fig. 1 (upper). In all experiments 
the animals were allowed to recover for 14 days after implan- 
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tation of cannulas into their III ventricles. The rats were fed 
ad lib except between 1100-1130 hr, when body weight (BW) 
was recorded and food and water were removed to be meas- 
ured daily until the day before the infusion. The rats were 
given water but deprived of food from 1100 hr at the begin- 
ning of the test until 1130 hr of the next day (24.5 hr food 
deprivation). In all experiments the rats were weighed before 
the infusion. The rats were infused III-ICV with 0.5 or 2.0 
mIU/rat of neutral regular pork insulin (Insulin Novo Ac- 
trapid, 40 IU per ml) diluted in saline (5 1, 0.15 M NaCl, pH 
6.1). In all experiments infusions were at the rate of about 
one pl per 80 sec. The doses of insulin in Experiments 1, 2, 
and 3 were selected on the basis of previous studies in the rat 
{2, 5, 13]. The controls were: (1) Animals infused with the 
same volume of saline, (2) Rats for which the only treatment 
was removal and cleaning of the obturator of the cannula at 
the time when the other rats were infused. Infusions were 
begun at 0745 (i.e., after 20 hr 45 min without food). During 
and after an infusion the rats were also deprived of water for 
2 hr. Food was given to each animal at 1130 and FI and WI 
were measured 30, 135, and 315 min and 23 hr 30 min after 
food presentation. 


Experiment 2 


The design is shown in Fig. 1 (middle). The rats were fed 
ad lib except between 1900-1930 hr every day until the day 
before the infusion. The 1900-1930 hr period was used in the 
same way as the 1100-1130 hr period described in Experi- 
ment 1. The rats were given water but deprived of food from 
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Experiment 2 
24.5 h food-deprived rats 
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Experiment 3 
4 h food-deprived rats 


| 


i 
0800 





food out Infusion 


FIG. 1. General design of experiments. Upward arrows, infusion times; downward arrows, 
measurements of food and water: *food presentation. 


TABLE | 
FOOD AND WATER INTAKE IN 24.5 HR FOOD-DEPRIVED RATS INFUSED AT 0745 





Time After Food Presentation 
Treatment Averages Deprivation 


Group Pre-infusion Day 135 min 315 min 23.5 hr 





Removal and 26.0+ 3.2 ie 6.6 + 0.9 Re: 83 2962 3.2 


cleaning of 
the obturator 


Saline 


Insulin 


(0.5 mIU/rat) 


Insulin 
(2.0 mIU/rat) 


(9) 


BW 


Food 
Water 
BW 


Food 
Water 
BW 


38.8 + 14.5 
329.6 + 30.5 


25.8+ 3.6 
34.8+ 5.7 
319.3 + 18.1 


2st 1A 
31.3+ 1.6 
311.0 + 10.4 


62 23 
55.0 + 25.9 
346.8 + 17.8 


18.92 $.3 
311.0 + 28.9 


pun &: OD 
299.7 + 15.3 


28.2 + 7.0 
295.4 + 12.4 


14.0+ 6.7 
325.5 + 16.5 


a2 ts 


7.0 + 1.3 
10.0 + 1.4 


5.8 + 1.1 
7.6 + 1.3§* 


18 2 i2 
16.4 + 8.2 


16.5+ 2.4 2+ 8B) 
321.7 + 29.4 


pe Dee Be 
43.5 + 13.3 
303.2 + 21.6 


26.4+ 2.3 
40.5+ 5.44 
300.8 + 12.8 


94+ 1.6 29.2+ 1.6 
24.3 + 10.87 66.8 + 28.4 
336.9 + 17.0 


8.4+ 0.6 
13.7+ 1.7 


8352 18 
122: 2.4 





Values, mean + SD, g for FI and ml for WI; n, No. of rats. Averages pre-infusion, averages of three days total daily FI. Measurements of 
FI and WI after food and water presentation (at 1130), correspond to 255 min, 6 hr, 9 hr, and 27 hr 15 min after started the infusion. BW, 


body weight. Averages pre-infusion BW, averages of the pre-treatment day. 


Significant differences from saline: * p<0.02; tp<0.05. 
Significant differences from removal and cleaning of the obturator group: § p<0.001; { p<0.05 (two-sample Students t-test). 
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TABLE 2 
FOOD AND WATER INTAKE IN 24.5 HR FOOD-DEPRIVED RATS INFUSED AT 1900 





Treatment 


Averages Deprivation 
Group 


Pre-infusion Day 


Time After Food Presentation 


150 min 330 min 23.5 hr 





Removal and Food 
cleaning of Water 
the obturator BW 


Food 
Water 
BW 


Saline 


Insulin Food 
Water . 
BW 334.3 


(2.0 mIU/rat) 
315.6 + 16.9 


Fe 30.5 
4.7 48.9 
344.1 


3.3 26.2 
3.4 39.2 
330.0 


4.5 
9.7 
16.0 


3.0 
5.0 
22.1 
7.1 


13.0 
23.3 


i+ it It 


i+ I+ I+ 


3.9 24.6 
7.4 36.0 
320.7 


I+ I+ I+ 





Measurements of FI and WI after food and water presentation (at 1930), correspond to 60, 180, and 360 min and 24 hr after started the 


infusion. Other explanations as for Table 1. 


TABLE 3 
FOOD AND WATER INTAKE IN 4 HR FOOD-DEPRIVED RATS INFUSED AT 2200 





Treatment 


Averages 
Group 


Pre-infusion 


Time After Food Presentation 


6 hr 10 hr 





Removal and Food 22.9 + 
cleaning of Water 32.5 
the obturator BW 350.0 


Food 26.7 
Water 43.7 
BW 360.6 


Food 26.8 + 
Insulin Water 49.9 + 
(2.0 mIU/rat) BW 379.8 + 


Food 23.9+ 2.5 
Insulin (7) Water 4.22 63 
(8.0 mIU/rat) BW 366.3 + 52.0 


I+ I+ 


Saline 


I+ I+ I+ 


11.5 os tot OF 
15.8 2.4 21.1 2.6 


12.0 


22.0 


11.8 
23.5 





Food-deprived rats from 2000 to 2400 hr. Averages pre-infusion, averages of two days. The measurements of FI and WI after food 
presentation (at 2400) correspond to 3, 5, 8, 12, 21, and 26 hr after started the infusion. 


Significant differences from the removal and cleaning of the obturator group: # p<0.02. Other explanations as for Table 1. 


1900 hr at the beginning of the test until 1930 hr of the next 
day (24.5 hr food deprivation). The rats were infused with 
saline (10 ul, 0.15 M NaCl, pH 6.1) or insulin (2.0 mIU/rat in 
10 yl saline) starting at 1900 hr (i.e., after 24 hr without 
food). Controls were established as in Experiment 1. Food 
was given to each animal at 1930 and FI and WI were meas- 
ured 30, 150, and 330 min and 23 hr 30 min after food presen- 
tation (60, 180, and 360 min and 24 hr after starting the infu- 
sion). 


Experiment 3 


The design is shown in Fig. 1 (lower). The rats were fed 
ad lib except between 1100-1130 hr every day until the day 
before the infusion. The 1100-1130 hr period was used in the 
same way as described in Experiment 1. In the test day, the 
rats were given water but deprived of food from 2000 to 2400 


hr. The rats were infused with saline (5 wl, 0.15 M NaCl, pH 
6.1) or insulin (2.0 or 8.0 mIU/rat in 5 yl saline) beginning at 
2200 hr (i.e., in the middle of the food deprivation). Controls 
were established as in Experiment 1. Food was made avail- 
able to each animal at 2400 hr without the introduction of 
fresh food portions, since such a feeding procedure might 
induce increased ingestion. FI and WI were measured 1, 3, 6, 
10, 19, and 24 hr after food presentation (3, 5, 8, 12, 21, and 
26 hr after starting the infusion). 


RESULTS 


Experiment | 


The results are presented in Table 1. In the treatment day 
there was no significant difference between the controls and 
insulin-treated groups for any measurement except WI at 
135, and 315 min and 23.5 hr. At 135 min, the 0.5 mIU 
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insulin-treated group drank significantly less water than the 
removal and cleaning of the obturator group (t=4.70, 
p<0.001), and the saline group (t=2.96, p<0.02), and at 315 
min and 23.5 hr, WI of the 0.5 mIU insulin-treated group was 
significantly lower only for that of the removal and cleaning 
of the obturator group (t=2.60, p<0.05, and t=2.52, p<0.05, 
respectively), whereas at 315 min WI of the 2.0 mIU insulin- 
treated group was significantly higher for that of the saline 
group (t=2.22, p<0.05). In the pre-infusion average WI of 
the 2.0 mIU insulin-treated group was higher, while in the 
deprivation day was lower for that of the saline group, both 
differences not significant. Although the FI of the 2.0 mIU 
insulin-treated group was less at 30 min, this difference was 
not significant. 


Experiment 2 


The results are presented in Table 2. There was no signifi- 
cant difference between the controls and the insulin-treated 
groups for any measurement. At 23.5 hr, the FI of the 2.0 
mlU insulin-treated group was highly variable. This intra- 
group variability persisted for the three post-infusion days. 


Experiment 3 


The results are presented in Table 3. There was no signifi- 
cant difference between FI of the controls and the insulin- 
treated groups for any measurement except that made at 19 
hr after food presentation. At this time the FI of the 8.0 mIU 
insulin-treated group was significantly less than that of the 
removal and cleaning of the obturator group (f=2.36, 
p<0.05), and the saline group (f=2.26, p<0.05). Although FI 
of the 8.0 mIU insulin-treated group was lower for that of 
both control groups at the 10 and 24 hr measurements, these 
differences were not significant. A two-way ANOVA (over 
the 10, 19 and 24 hr cumulative FI measurements) showed 
that FI decreased significantly in the 8.0 mIU insulin-treated 
group relative to the removal and cleaning of the obturator 
group, F(1,27)=9.34, p<0.01, and the saline group, 
F(1,36)=12.77, p<0.01 (not shown in Table 3). The respec- 
tive 6-10, 10-19, and 19-24 hr FI were (from Table 3): 
3.8+1.4, 6.8+2.0, and 8.8+1.0 g for the removal and clean- 
ing of the obturator group; 4.4+2.2, 5.2+2.0, and 10.4+3.0g 
for the saline-treated group; and 1.8+1.2, 4.0+1.4, and 
7.9+3.1 g for the 8.0 mIU insulin-treated group. The average 
pre-infusion total daily FI of the 2.0 mIU insulin-treated 
group was significantly higher than that of the removal and 
cleaning of the obturator group (t=2.90, p<0.02). However, 
this apparently did not influence the amount of FI in the 
infusion day. In all experiments there were no significant 
differences between the controls and the insulin-treated 
groups in the post-infusion days. 


DISCUSSION 


Experiments 1 and 2 showed that III-ICV infusion of 
these doses of insulin (that are within the physiological range 
for some brain regions [13]) were ineffective in these condi- 
tions of long-term food deprivation. In previous results [13], 
II-ICV infusion of 0.5 and 2.0 mIU of insulin in rats that 
were maintained ad lib (except for short periods during the 
measurements) produced reliable FI suppression. 

Experiment 3 showed that high doses of insulin (8.0 
mIU/rat) decreased FI relative to the controls in a long- 
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delayed and long-lasting manner. It is unclear why a higher 
dose of insulin in this condition of short-term food depriva- 
tion would be necessary to produce the effect seen in ad lib 
conditions. One possibility is that during the food depriva- 
tion in the rat, even in a short-term, the duration and action 
of the administered hormone may not correspond to normal 
physiological conditions. 

In the long-term food deprivation state it is likely that 
acute administration of small amounts of insulin may not 
provide sufficient stimulus to influence FI, since the insulin 
was introduced out of the normal physiological sequence of 
the metabolic processes. In physiological conditions, when 
insulin is secreted during food ingestion, it increases utiliza- 
tion of circulating metabolic fuels which may participate in 
the satiety spectrum of the hormone. In this way, the signal 
of increasing nutrient utilization (within insulin target sites in 
the periphery or central nervous system [CNS], or both) 
would be relevant primarily in minimally food-deprived 
animals where a balance of metabolic fuels is present. Fur- 
thermore, it has been reported that electrophoretic applica- 
tion of insulin alone tended to inhibit the neuronal discharge 
of rat ventromedial hypothalamic glucoreceptor neurons, but 
insulin enhanced the effect of glucose which increases firing 
dose-dependently upon electrophoretic glucose application 
[12]. In normal non-deprived conditions balance in the rela- 
tive concentrations of insulin and glucose might result in 
satiety by action in the ventromedial hypothalamus. In addi- 
tion, even if brain insulin-like material [4, 10, 15], and insulin 
binding to its CNS binding sites [10, 14, 15] were not changed 
by 42-48 hr food deprivation, the results suggest that 
metabolic state may be an important determinant of insulin’s 
effects in the CNS; it also suggests the existence of a very 
sensitive system operating during physiological conditions 
that can be masked by the food deprivation. Moreover, it has 
been reported that insulin influences the hypothalamic 
noradrenaline (NA) turnover [1, 9, 16], and this effect may 
influence FI (see [13]); since food deprivation induced 
changes in the hypothalamic NA turnover [6], this possibility 
should also be considered. It is important to note that these 
experiments do not rule out that chronic infusion of the hor- 
mone may be effective during the food deprivation, since it 
has been reported that a 12 hr nocturnal intravenous infusion 
of 25 and 500 mIU/hr of insulin during a nocturnal fast sup- 
pressed the subsequent day-time FI [7]. It has been reported 
that III-ICV administration of the high dose of 600 mIU of 
insulin in 21 hr food-deprived rats [19] increased FI. How- 
ever, it is well known that administration of high doses of 
insulin consistently elevate FI and this effect is related to 
changes in the metabolic balance (see [13]). This example 
once again shows the importance of the amounts of insulin to 
be used, attempting to demonstrate direct actions in the CNS 
not only concerned with the regulation of FI. 

In Experiment | the decrease in WI may have been due to 
reduction in prandial drinking, although it should be consid- 
ered that during the deprivation day there was a great inter- 
animal variability in WI. In no experiment do we have an 
exact explanation for the great inter-animal variability in WI 
before and after infusions; even with this variability, WI dur- 
ing the pre-infusion period was stable in each animal. 

In conclusion, this and previous evidence show that III- 
ICV administration of these small amounts of insulin induce 
the decrease of FI only in non-food-deprived rats. 
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DRICKAMER, L. C. Peripheral anosmia affects puberty-influencing chemosignals in mice: Donors and recipients. 
PHYSIOL BEHAV 37(5) 741-746, 1986.—A series of five experiments tested the effects of peripheral anosmia on both 
donors and recipients of urinary chemosignals that accelerate and delay puberty in female mice. Control tests determined 
that the manipulations, in and of themselves, did not bring about any changes in release or reception of the chemosignals. 
Rendering mice peripherally anosmic using a solution of zinc sulfate did result in effects on both donors and recipients. For 
donors, release of the substances in male urine, urine from females in estrus, or urine from pregnant or lactating females, all 
of which accelerate female puberty, were not influenced by peripheral anosmia. Peripheral anosmia did, however, bring 
about the cessation of release of the substance in the urine of grouped adult females that delays sexual maturation in 
conspecific females. Peripherally anosmic young female recipients of the chemosignals were accelerated in their sexual 
development when the treatment applied involved urine from pregnant or lactating females. However, the acceleratory 
effects normally produced by male urine or urine from females in estrus did not occur in peripherally anosmic young 
females. The substance in the urine of grouped adult females did not produce delays in puberty when the recipient females 
were rendered peripherally anosmic prior to urine treatment. 


Puberty Mus musculus Chemosignal 


Anosmia 


Vomeronasal organ Olfactory epithelium Urine 





THERE are at least four urinary chemosignals that influence 
the timing of sexual maturation in female mice [5]. The urine 
from male mice, female mice in estrus and pregnant or lactat- 
ing female mice all accelerate the onset of first vaginal estrus 
in conspecific females [4, 6, 17, 18]. The urine from females 
caged in groups delays the onset of first estrus [2,21]. A 
variety of aspects of both the production and release of these 
signals by donor mice and their reception by young females 
have been tested [5,20], including the timing and duration of 
chemosignal treatment, hormonal involvement in chemosig- 
nal release, effects of density and social status on chemosig- 
nal release, and the influence of non-social, environmental 
cues (e.g., food, photoperiod) on chemosignal release. For 
male urine, urine from pregnant or lactating females, and 
urine from grouped females, various investigators have re- 
ported on the mode of reception. The signal in the urine of 
females in estrus has not yet been tested in this regard. 
Evidence from experiments involving central anosmia 
and nerve transections [11-15] support the conclusion that 
the male urinary signal is received by the vomeronasal or- 
gan. Other experiments indicate that the substance in the 
urine of pregnant or lactating females that accelerates pu- 
berty is received by the olfactory epithelium [7]. No experi- 
mental evidence has yet been produced that clearly associ- 
ates reception of the puberty-delaying chemosignal with the 
vomeronasal organ. The release of the puberty-accelerating 
chemosignal in male urine persists in the absence of the 
vomeronasal organ, but the puberty-delay signal is absent 


from the urine of grouped vomeronasalectomized females 
[14]. Exposing singly-caged females to olfactory cues from 
grouped females induces the mice to release the puberty- 
delaying chemosignal in their urine [3]. 

The 5 experiments reported here were designed to assess 
the effects of peripheral anosmia on the reception of the 
various puberty-influencing chemosignals in young female 
mice, and to ascertain whether olfactory cues play any signif- 
icant role(s) in the mechanism of release of the urinary sub- 
stances by donor mice. 


GENERAL METHOD 


All mice used in these investigations were from a ran- 
domly bred closed colony of ICR/Alb house mice (Mus mus- 
culus). All colony and test mice were housed in standard 
mouse cages made of polypropylene, measuring 1528 x15 
cm deep, with opaque sides and fitted wire lids. Bedding of 
ground wood shavings was used and each cage was changed 
once per week. Purina Lab-Chow and water were supplied 
ad lib throughout each experiment. Colony and experimental 
rooms were maintained at 21-25°C and 30-60% relative 
humidity on a 12:12 light/dark daily regime with overhead 
fluorescent lights on from 0600 to 1800 hours. 

To produce experimental mice, two females were paired 
with a fertile male for two weeks. Pregnant female mice were 
then housed individually for the last week prior to parturi- 
tion. Each cage was checked daily, and births were re- 
corded. On the day after birth each litter was counted and all 





742 


the pups were sexed. Each litter was reduced to 10 pups to 
insure equal litter sizes, at least 3 of which were male pups. 
Litters of less than 10 pups were discarded. Mice were 
weaned 21 days after birth and were immediately assigned to 
a treatment according to a random sequence. 

Each female test mouse was examined daily from Day 21 
until the occurrence of vaginal introitus. Starting on the day 
of vaginal introitus and each day thereafter a vaginal smear 
was made until the occurrence of first vaginal estrus. The 
wet-mount vaginal smears were examined immediately with 
a light microscope and the cellular contents were judged to 
ascertain the stage of the estrous cycle according to the 
criteria of Rugh [16] and Vandenbergh [17,18]. 

For each experiment the urine used to treat test females 
was collected fresh daily from appropriate mice. The collec- 
tion procedure involved holding each donor mouse over a 
Petri dish and gently rubbing the flanks. In this way urine for 
each treatment was collected from 4-6 donors each day. 
Urine was applied to the external nares of test females using 
2-3 strokes of a small paintbrush. Separate Petri dishes and 
paintbrushes were maintained for each different treatment 
throughout all of the experiments. Urine collection, treat- 
ment, and smearing procedures were conducted between 
0630 and 0930 hours each morning. 

All test females were weighed to the nearest 0.1 g on the 
day of weaning and again at Day 35. Separate analyses of 
variance were conducted within each experiment for the 
body weight data; there were no significant differences 
across the treatment groups in any of the experiments at 
either 21 or 35 days. Results for first vaginal estrus in each 
experiment were also subjected to one-way analysis of vari- 
ance with the number of groups equal to the number of 
treatments in the experiment. Duncan’s New Multiple Range 
Test was used for post-hoc comparisons of the treatment 
means within each experiment. 


ANOSMIA PROCEDURES 


In each of the experiments that follow one or more of the 
treatment conditions involved rendering mice peripherally 
anosmic. In some experiments the test subjects, young 
females (21 days of age) were rendered anosmic, and in other 
experiments adult female or male mice (90-150 days of age) 
were rendered anosmic and then served as urine donors. The 
procedure for producing peripheral anosmia [1, 8, 9] in- 
volved using aqueous zinc sulfate (ZnSO,). This treatment 
effectively blocks reception of chemical cues by the olfac- 
tory epithelium, but apparently does not affect the vom- 
eronasal organ [1]. 

Each mouse to be made anosmic was first lightly 
anesthetized with ether. Then 0.025 ml (for adults) or 0.010 
ml (for young mice) of 5% aqueous ZnSO, was injected into 
each nostril with a Hamilton microsyringe. Immediately fol- 
lowing application of the ZnSO, the nares and mouth were 
aspirated to prevent ingestion of the substance which is tox- 
ic. Each mouse was then returned to its home cage where it 
recovered from the anesthesia within a few minutes. During 
the course of the various experiments a total of 21 young 
females, two adult males and four adult females died, 
presumably from effects of the ZnSO, treatment; each of the 
test females that died was replaced by another anosmic 
mouse. 

To test the effectiveness of the procedure for peripheral 
anosmia, 20 young females, 10 adult males, and 20 adult 
females that were intact and a like number that were periph- 
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erally anosmic were selected at random during the course of 
the experiments and were given an olfactometer test [19]. 
The mice were tested at variable intervals after the ZnSO, 
procedure, ranging from 4 to 15 days. A Plexiglas chamber 
12.5 cm square with fitted wire top (see [19]) was constructed 
with two side arms, each 12.5 cm long, extending perpen- 
dicular to and away from opposite sides of the chamber. A 
small compartment at the end of each side arm consisted of a 
wire mesh basket that contained one of two test odors, 
Purina Mouse-Chow food pellets or a piece of cotton with 3 
drops of anise oil. Previous testing and control tests indi- 
cated that intact mice found the anise oil aversive and 
selected the side arm with mouse chow in preference to that 
containing the anise oil. 

The test procedure involved placing the mouse in the cen- 
ter chamber for a 5 min acclimation and exploration period; 
during this time the mouse must have visited both side arms 
at least once. A mouse was considered in a side arm when all 
four feet were inside the arm and no longer on the floor of the 
central chamber. If the mouse had not visited either or both 
side arms during the first four minutes of the acclimation 
period then it was introduced into the arm(s) during the last 
minute. A 10 min test was then conducted during which time 
the number of seconds the test mouse spent in each side arm 
was recorded on separate cumulative timers. Each of the 
100 subjects selected was given the same test. The entire 
apparatus was cleaned after each test. The positions of the 
anise oil and food were randomized by a coin flip for each 
test subject. 

The results of the olfactometer tests indicate that there 
was a strong avoidance of the anise odor by intact mice, but 
that there was no longer an avoidance of that odor after the 
anosmia procedure. For young females tested at 27-30 days 
of age the intact mice were on the food side 168+24 sec of a 
possible 600 sec and on the anise oil side only 28+6 sec, 
t(38)=5.66; p<0.001. Young females that were peripherally 
anosmic, however, exhibited no significant difference be- 
tween the times spent on the two sides; food=82+13 sec, 
anise oil=88+11 sec; 1(38)=0.35; p=n.s. For intact adult 
males there was a strong preference for food odor (168+27 
sec) versus anise oil (27+8 sec; 1(18)=4.25; p<0.001), but 
this difference disappeared when the males were rendered 
anosmic; food=68 21 sec, anise oil=81 18 sec; 1(18)=1.46; 
p=n.s. Similarly, for adult females there was a strong selec- 
tion in favor of the food odor among intact mice; 
food=177+22 sec, anise oil=32+7 sec; 1(38)=6.40; 
p<0.001, but this difference was gone after anosmia, 
food=78+32 sec, anise oil=90+15 sec; #(38)=0.62; p=n.s. 


EXPERIMENT I 
Purpose 


The first experiment tested whether peripheral anosmia 
alters the effectiveness of the puberty-influencing chemosig- 
nals from males and grouped adult females that accelerate 
and delay puberty respectively in young females. 


Method 


Upon weaning at 21 days of age, 140 female mice were 
assigned at random to | of 7 treatments; 20 mice were in each 
treatment condition. Sixty of these females were rendered 
peripherally anosmic with the aforementioned procedure and 
an additional 20 females were given a sham operation in 
which saline solution was used in place of the ZnSO, solu- 





ANOSMIA AFFECTS PUBERTY CHEMOSIGNALS 


TABLE | 


EFFECTS OF PERIPHERAL ANOSMIA ON RECEPTION OF 
PUBERTY-INFLUENCING CHEMOSIGNALS IN YOUNG FEMALE 
MICE—I**+4 


TABLE 2 


EFFECTS OF PERIPHERAL ANOSMIA ON RECEPTION OF 
PUBERTY-INFILUENCING CHEMOSIGNALS IN YOUNG FEMALE 
MICE—II*t4 





Treatment Age of 


Ist Estrus 





Treatment Age of 


ist Estrus 





Intact females treated with water 
(Control) 

Intact females treated with urine 
from singly-caged males 

Intact females treated with urine 
from grouped females 

Anosmic females treated with water 

Anosmic females treated with urine 
from singly-caged males 

Anosmic females treated with urine 
from grouped females 

Sham-operated females treated with 
water 


(0.9)% 
(0.5)? 


(0.2) 
(0.8) 


+ (0.8)? 
+ (0.9)4 


34.4 + (0.7)° 





*Data are expressed as mean ages in days to first estrus + 1 SEM. 

*Those means not marked with the same superscript letter are 
significantly different at the 0.02 level by Duncan’s New Multiple 
Range Test. 


=N = 20 mice/treatment condition. 


tion. The 7 treatments each involved individually caged 
females and consisted of: (1) intact females given daily 
treatment with water as a control procedure, (2) intact 
females treated daily with urine from singly-caged adult 
males, (3) intact females treated daily with urine from 
grouped adult females, (4) anosmic females treated daily 
with water, (5) anosmic females treated daily with urine from 
singly-caged males, (6) anosmic females treated daily with 
urine from grouped adult females, or (7) sham-operated 
females treated daily with water. Male urine was obtained 
from a battery of 20 individually caged adult males and urine 
from grouped adult females was obtained from a series of 8 
cages containing 8 mice/cage. The males and grouped 
females had been maintained in their respective conditions 
for at least two weeks prior to urine collection. All other 
procedures were as described in the General Method sec- 
tion. Each test female was monitored daily until the occur- 
rence of first vaginal estrus. 


Results 


Results of an analysis of variance and post-hoc compari- 
sons indicate that intact and anosmic females treated with 
male urine matured significantly earlier than females in all 
other treatments (Table 1; F(6,133)= 15.875, p<0.001). Intact 
females treated with urine from grouped females attained 
puberty significantly later than all other treatments. Among 
the remaining treatment conditions there was an overlapping 
pattern of significant differences; none of the treatments re- 
sulted in mean ages for puberty that were different from the 
water-treated intact control mice (Table 1). 


EXPERIMENT II 
Purpose 


This experiment tested whether the effects of puberty- 





Intact females treated with water 
(Control) 

Anosmic females treated with water 

Sham-operated females treated with water 

Anosmic females treated with urine from 
females in estrus 

Anosmic females treated with urine from 
females in diestrus 

Anosmic females treated with urine from 
pregnant and lactating females 


(0.9)” 
(0.9) 
(1.0) 
+ (0.8)* 
+ (1.0)° 


+ (0.7)” 





*Data are expressed as mean ages in days to first estrus + 1 SEM. 

+ Those means not marked with the same superscript letter are 
significantly different at the 0.02 level by Duncan’s New Multiple 
Range Test. 

tN = 16 mice/treatment condition. 


accelerating urinary chemosignals from females in estrus and 
females that are pregnant or lactating are altered when the 
recipient females are rendered peripherally anosmic. 


Method 


Upon weaning at 21 days of age, 96 test females were 
assigned at random to | of 6 treatments; 16 mice were in each 
treatment condition. Sixty-four of these mice were rendered 
anosmic with the ZnSO, procedure and an additional 16 mice 
were given the sham procedure using saline solution. The 
treatment conditions used were: (1) intact females treated 
daily with water as a control procedure, (2) sham-operated 
females treated daily with water, (3) anosmic females treated 
daily with water, (4) anosmic females treated daily with urine 
from adult females in estrus, (5) anosmic females treated 
daily with urine from adult females in diestrus, or (6) 
anosmic females treated daily with urine from females that 
were either pregnant or lactating. To obtain the urine from 
females in estrus or diestrus a battery of 40 individually 
caged adult females was each given a daily vaginal smear; 
urine was then collected from mice that were clearly in es- 
trus or diestrus. The urine from pregnant and lactating 
females was obtained from individually caged mice in the 
breeding stock of the colony. Each test female was moni- 
tored daily as described in the General Method section until 
the occurrence of first vaginal estrus. 


Results 


Analysis of variance and post-hoc comparisons revealed 
that anosmic females treated with urine from females in es- 
trus attained puberty significantly earlier than mice in any of 
the other treatment conditions (Table 2; F(5,90)=7.868, 
p<0.001). There were no significant differences in the mean 
ages for puberty among the remaining treatments. 


EXPERIMENT III 
Purpose 


A third experiment tested whether rendering adult males 





TABLE 3 


EFFECTS OF PERIPHERAL ANOSMIA ON RELEASE OF 
PUBERTY-INFLUENCING URINARY CHEMOSIGNALS IN ADULT 
MALE AND GROUPED FEMALE MICE *#¢ 
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TABLE 4 


EFFECTS OF PERIPHERAL ANOSMIA ON RELEASE OF THE 
PUBERTY-DELAYING CHEMOSIGNAL IN THE URINE OF 
GROUPED*+ti FEMALE MICE 





Treatment Age of 


Ist Estrus 





Treatment Age of 


Ist Estrus 





Treated with water (Control) 
Treated with urine from intact 
singly-caged males 
Treated with urine from anosmic 
singly-caged males 
Treated with urine from anosmic grouped males 
Treated with urine from singly-caged 
sham-operated males 
Treated with urine from intact grouped females 
Treated with urine from anosmic 
grouped females 
Treated with urine from sham-operated 
grouped females 40.3 


+ (0.9)” 
(0.8)? 


(0.8)* 
(1.1)* 


(0.9)* 
(0.7)° 


{igs 


+ (1.1)° 





*Data are expressed as mean ages in days to first estrus + 1 SEM. 

+Those means not marked with the same superscript letter are 
significantly different at the 0.02 level by Duncan’s New Multiple 
Range Test. 


~N = 15 intact mice/treatment condition. 


or females anosmic would affect their release of the puberty- 
influencing chemosignals. 


Method 


Upon weaning at 21 days of age, 120 test females were 
assigned at random to | of 8 treatments; 15 mice were in each 
treatment condition. Each test female was housed individu- 
ally and was treated daily on the external nares with (1) 
water as a control procedure, (2) urine from intact singly- 
caged males, (3) urine from anosmic singly caged males, (4) 
urine from anosmic grouped males, (5) urine from sham- 
operated singly-caged males, (6) urine from intact grouped 
adult females, (7) urine from anosmic grouped adult females, 
or (8) urine from sham-operated grouped adult females. 
Urine donors were caged under the respective conditions for 
at least two weeks prior to commencing urine collection; 
grouped males were housed 5/cage and grouped females 
8/cage. Mice to be rendered anosmic or given the sham pro- 
cedure were treated, placed into individual cages for a 3-day 
recovery period, and then, as appropriate, grouped with 
other mice, or retained in individual cages. Each test female 
was monitored as described in the General Method section 
until the occurrence of first vaginal estrus. 


Results 


Analysis of variance followed by post-hoc comparisons 
revealed that all four treatment conditions involving daily 
application of urine from male mice resulted in mean ages at 
puberty that were significantly earlier than for the remaining 
treatments (Table 3: F(4,70)=25.680, p<0.001). Control 
mice were intermediate in age at puberty. Mice treated with 
urine from intact or sham-operated grouped adult females 
were delayed in attaining puberty relative to control mice. 
Treatment with the urine of anosmic grouped adult females 


Treatment with water (Control) 33.4 + (0.8)? 
Treated with urine from intact grouped females 40.2 + (0.8)° 
Treated with urine from anosmic 

grouped females s.2 
Treated with urine from anosmic females 

caged in groups of intact females 35.8 
Treated with urine from intact females caged 

in groups of anosmic females 39.1 


+ (0.8)” 
( 1.2)" b 


+ (1.0)° 





*Data are expressed as mean ages in days to first estrus + 1 SEM. 

*+Those means not marked with the same superscript letter are 
significantly different at the 0.02 level by Duncan’s New Multiple 
Range Test. 


=N = 12 intact mice/treatment. 


resulted in a mean age at puberty that was not different from 
the delayed mice, but also did not differ from the control 
mean (Table 3). 


EXPERIMENT IV 
Purpose 


Because the treatment condition in Experiment III involv- 
ing anosmic grouped adult females resulted in an equivocal 
result, a second experiment involving urine from grouped 
females was performed. This experiment repeated a portion 
of the previous experiment and also attempted to extend 
those results by testing anosmic females caged with intact 
females and intact females caged with anosmic females. 


Method 


Upon weaning at 21 days of age 60 females were assigned 
at random to 1 of 5 treatments; 12 mice were in each treat- 
ment condition. Each test female was caged individually. 
The test groups consisted of: (1) treatment with water as a 
control procedure, (2) treatment with urine from intact 
grouped adult females, (3) treatment with urine from 
anosmic grouped adult females, (4) treatment with urine 
from anosmic adult females caged in groups of intact adult 
females, and (5) treated with urine from intact adult females 
caged in groups of anosmic adult females. All other proce- 
dures and conditions were as described in the General 
Method section and for Experiment III. For treatments (4) 
and (5) one female of the prescribed ‘type’ was caged in a 
group containing 7 females of the opposite ‘type.’ All test 
females were monitored daily as described in the General 
Method section until the occurrence of first vaginal estrus. 


Results 


Analysis of variance with post-hoc comparisons demon- 
strated that test females treated with urine from intact 
grouped females, or intact females caged in groups of 
anosmic females reached puberty significantly later than 
mice in the remaining treatment conditions (Table 4; 
F(4,55)=7.085, p<0.001). Test mice treated with urine from 
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TABLE 5 


EFFECTS OF ANOSMIA ON THE RELEASE OF 
PUBERTY-ACCELERATING URINARY CHEMOSIGNALS BY 
FEMALES IN ESTRUS AND FEMALES THAT ARE PREGNANT OR 
LACTATING *tt 





Treatment Age of 


Ist Estrus 





Treated with water (Control) 

Treated with urine from anosmic females 
in estrus 

Treated with urine from anosmic females 
in diestrus 34.4 

Treated with urine from anosmic pregnant 
females 30.0 

Treated with urine from anosmic lactating 
females 


34.9 + (0.8) 
29.9 + (0.6)* 
+ (0.8) 

(0.6)* 


30.6 + (0.8)* 





*Data are expressed as mean ages in days to first estrus + 1 SEM. 

*+Those means not marked with the same superscript letter are 
significantly different at the 0.02 level by Duncan’s New Multiple 
Range Test. 


=N = 20 intact mice/treatment condition. 


grouped anosmic adult females also reached puberty signifi- 
cantly later than control mice, but did not differ from mice 
treated with urine from anosmic adult females housed in 
groups of intact adult females. Lastly, test subjects treated 
with urine from intact adult females housed in groups of 
anosmic adult females reached puberty at an age that was not 
significantly different from control females (Table 4). 


EXPERIMENT V 


Purpose 


The final experiment measured whether rendering adult 
female mice anosmic would affect their release of the 
chemosignals associated with estrus, pregnancy or lactation, 
all of which accelerate puberty in females. 


Method 


Upon weaning at 21 days of age 100 female mice were 
assigned at random to | of 5 treatments; 20 mice were in each 
treatment condition. Each test female was caged individually 
and treated daily on the external nares with (1) water as a 
control procedure, (2) urine from anosmic females in estrus, 
(3) urine from anosmic females in diestrus, (4) urine from 
pregnant anosmic females, or (5) urine from lactating 
anosmic females. For treatments (2) and (3) a battery of 50 
individually caged females were rendered anosmic using the 
ZnSo, technique. These mice were allowed to recover for 4 
days prior to commencing the urine collection procedure. 
Each of these females was given a daily vaginal smear and 
urine was collected only from those that were clearly in es- 
trus or diestrus. The sham-operation procedure was not 
conducted because treatment condition (8) of Experiment III 
had previously shown that the procedure in and of itself was 
not affecting the chemosignal release by the mice. For treat- 
ment conditions (4) and (5) of the present experiment a series 
of 40 individually caged females were rendered anosmic with 
the ZnSO, procedure and were then mated with fertile males 
for one week. Urine was collected only from females that 
were visibly pregnant or lactating. Each test female was 
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monitored daily as described in the General Method section 
until the occurrence of first vaginal estrus. 


Results 


Analysis of variance and post-hoc comparisons revealed 
that mice treated with urine from anosmic females in estrus 
or anosmic females that were pregnant or lactating all at- 
tained first vaginal estrus significantly earlier than females 
treated with water or urine from females in diestrus (Table 5; 
F(4,95)= 12.219, p<0.001). 


GENERAL DISCUSSION 


In recent years, the mammalian vomeronasal system has 
been implicated in a variety of processes related to repro- 
duction [10,22]. The foregoing sequence of experiments 
provides evidence for three types of conclusions regarding 
the effects of peripheral anosmia on the release and recep- 
tion of urinary chemosignals in mice that influence the timing 
of sexual maturation in conspecific females. These conclu- 
sions concern the methods, the chemosignal recipients and 
the chemosignal donors. 

Control groups and mice given sham operations using 
saline solution instead of the zinc sulfate solution provide the 
necessary evidence to conclude that the various procedures 
used in producing peripheral anosmia and treating the test 
mice did not, in and of themselves, lead to any changes in the 
release, reception or effectiveness of the urinary chemosig- 
nals. That the zinc sulfate treatment was effective in produc- 
ing peripheral anosmia was demonstrated using the olfac- 
tometer tests. Also, there were no apparent effects of the 
treatment on body growth in the young mice, at least up to 
Day 35 of age. 

Young female mice rendered peripherally anosmic were 
still accelerated in their sexual development by urine from 
adult males, and by the urine from females in oestrus and 
they were still delayed in attaining puberty when treated with 
urine from grouped adult females. These results suggest that 
the substances involved for adult males, females in estrus 
and grouped females may be received by the vomeronasal 
organ. In contrast, mice rendered peripherally anosmic and 
treated with urine from pregnant or lactating females were no 
longer accelerated in their sexual development; perhaps this 
chemosignal is received by the olfactory epithelium. These 
findings are in agreement with previously published reports 
regarding reception of the chemosignals from adult males 
and grouped adult females [11-13, 15]. No tests have yet 
been performed involving effects of lesions or transections of 
the olfactory system to test the influence of central nervous 
system anos ia on the reception of the puberty-accelerating 
signals in th. urine from females in estrus or pregnant or 
lactating females. 

Only the release of the urinary chemosignal from grouped 
female mice that delays puberty in female conspecifics was 
influenced by peripheral anosmia. This finding may be in 
contrast with the recent report [14] that grouped vom- 
eronasalectomized females do not release the puberty- 
delaying substance in their urine. Possibly both the olfactory 
epithelium and the vomeronasal organ are involved in re- 
lease of the delay signal. Alternatively, the ZnSO, treatment 
used in the present sequence of experiments may also have 
affected the vomeronasal organ in some mice. The treatment 
did not affect the release of the puberty-accelerating 
chemosignals in the urine of males, females in estrus or 
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pregnant or lactating females. Thus it appears that in order to 
release the puberty delaying chemosignal the grouped 
females must have olfactory contact with one another. 
Further support for this conclusion comes from the finding in 
Experiment IV that peripherally anosmic females that are 
caged in social contact with intact females do not release the 
delay substance in their urine. This finding contrasts with an 
earlier report that social contact was necessary to induce the 
release of the puberty-delaying chemosignal [2], but is in 
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substantial agreement with a more recent report that expos- 
ing singly-caged females to the odor of grouped females is 
sufficient to bring about the release of the delay substance [3]. 
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LEUNG, P. M. B. ANDQ. R. ROGERS. Effect of amino acid imbalance and deficiency on dietary choice patterns of rats. 
PHYSIOL BEHAV 37(5) 747-758, 1986.—Detailed dietary choice patterns were determined with a computerized feeding 
monitoring system in groups of Sprague Dawley rats kept on a 12:12 hr light-dark cycle and offered in sequence a series of 
dietary choice regimens involving amino acid-imbalanced or deficient diets with threonine as the most limiting amino acid. 
Animals established their preference for a threonine-basal diet over a threonine-imbalanced or a threonine-devoid (devoid 
of threonine) diet shortly (within 2-3 hr) after the consumption of small quantities of either diet in the beginning of the first 
dark-cycle. An intensive sampling process characterized by frequent small bouts was evident throughout the light period. 
Both the meal size and the meal frequency of the imbalanced or devoid diet were curtailed after prolonged choices. Animals 
preferred the threonine-corrected (imbalance corrected by threonine supplementation) over the threonine-basal diet ini- 
tially with an increase in meal frequency. But no clear choice for either diet was observed thereafter. Animals did not 
establish their preference for the threonine-corrected diet when paired with the threonine-de void diet until after 5 days with 
a Steady decrease in the meal size of the devoid diet but not the meal frequency. When the protein-free diet was introduced 
as an alternative for the threonine-imbalanced diet, animals selected the protein-free diet during the first dark-cycle after 
consuming a small amount of the imbalanced diet. Initially there was a drastic reduction in meal size of the imbalanced diet 
and subsequently a decrease in meal frequency as well. Nevertheless, animals immediately rejected the protein-free diet 
and chose the threonine-basal diet when it replaced the imbalanced diet as an alternative. The almost exclusive preference 
for the basal diet occurred in the beginning of the first dark-cycle with an increase in meal size but no change in meal 
frequency. The sampling bouts of small quantities, which followed the first introduction of the diets in the choice regimens, 
may be an inherent investigative behavior whereby the physical or oropharyngeal properties of the diets are recognized. 
The establishment of the choices for the alternative diets in the present experiments provides additional information about 
the rapid time course of the food intake control mechanisms in rats fed amino acid-imbalanced or deficient diets. 


Amino acid imbalance Dietary choice patterns 





FOOD intake and growth of animals were depressed when a 
substantial quantity of an indispensable amino acid mixture 
lacking the growth limiting one was added to a low-protein 
diet [2,11]. This diet, which produced the deleterious effect 
on food intake and growth was considered to be ‘‘imbal- 
anced” and could be corrected by supplementing the growth 
limiting amino acid (corrected diet). When a single diet was 
offered, the animals adapted to the imbalanced diet, after the 
initial food intake depression, by slowly increasing their food 
intake until it approached normal. More severe food intake 
and growth depression with no adaptation occurred in amino 
acid deficiency, which included diet devoid of an indispens- 
able amino acid [7]. Also, rats rejected an amino acid imbal- 
anced or devoid diet in favor of an alternative choice, a diet 
containing a relatively balanced amino acid pattern or a 
protein-free diet which did not support growth [5]. The de- 
gree of preference for a protein-free diet was associated with 





the severity of the nature of the imbalance in the added 
amino acid mixture which created the imbalance [5]. Plasma 
and brain amino acids, as well as certain neural areas, have 
been implicated to be involved in the control of food intake 
of animals ingesting amino acid imbalanced diets [3, 6, 8, 10, 
12, 13, 15-17]. Brain mechanisms and the control of food intake 
by macronutrients, including protein and amino acids, have 
also been reviewed [1]. There is little information as to when 
and how the animals altered their feeding patterns in choos- 
ing dietary regimens involving balanced and imbalanced 
amino acid diets. The detailed feeding patterns in the present 
studies should provide information on the time frame of the 
control system for establishing alternative choices in re- 
sponses to disproportions of dietary amino acids. 


METHOD 


Male Sprague Dawley rats weighing 125 g were used for 
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FIG. 1. Dietary choice patterns of a representative individual rat (5 days prior to 
choice between the threonine-basal diet and the threonine-imbalanced diet) offered 2 
identical cups of threonine (thr)-basal diet. Three minutes of non-feeding were used in 
all instances as the minimal intermeal intervals. 


the experiments. They were housed in specially constructed 
Plexiglas cages (20x 13x24 in.) with stainless steel screen 
bottoms and a round feeding porthole (2.5 in. diameter and 
2.5 in. length) on either side. A spillage-proof cup with a 
wide rim was fitted on top of a Mettler Electronic Balance 
(PL300) which was positioned underneath the food tunnels 
and interfaced with an on-line computer (PDP-11 Digital 
Equipment Corp.). This feeding pattern monitoring device 
constituted part of a computerized feeding, drinking and vol- 
untary activity system described in more detail earlier [14]. 
The cages were housed in environmental chambers with in- 
dividual circulatory and lighting systems (computer con- 
trolled 12:12 hr light-dark-cycle, light off from 10:00 p.m. to 
10:00 a.m.). Water was available at all times. Each experi- 
mental diet in the two-diet choice regimen was monitored by 
a recording station. Since there were only 8 stations avail- 
able, 4 animals were employed throughout in the choice ex- 
periments. 

All experimental diets contained free amino acids as the 
protein source with threonine as the growth limiting amino 
acid in the basal diet. The threonine-basal diet contained 
8.1% of dispensable amino acids and 4.6% of indispensable 
amino acids and was equivalent to a low-protein diet (ap- 
proximately 10.45% crude protein equivalent). The 
threonine-basal diet supported a slow growth rate (approx- 
imately 2 g/day). The threonine-imbalanced diet was created 
by adding a mixture of indispensable amino acids (9.86%) 
lacking threonine to the threonine-basal diet (approximately 
16.96% crude protein equivalent). The threonine-devoid diet 
(approximately 16.82% crude protein equivalent) had the 
same composition as the threonine-imbalanced diet except 
that threonine was completely deleted. The threonine- 
corrected diet (approximately 17.26% crude protein equiv- 
alent) was similar to the imbalanced diet but had 0.4% 
threonine supplemented to correct the imbalance. The 
protein-free diet contained all the necessary nutrients except 
the presence of protein which was replaced by carbo- 
hydrates (starch to sucrose in 2:1 ratio). The complete com- 
position of the amino acid diets used were reported earlier 
[6,13]. 

The purpose of using the same rats in a series of choice 





TABLE | 


FOOD INTAKE, MEAL FREQUENCY AND AVERAGE MEAL SIZE OF 
RATS OFFERED CHOICE OF THREONINE BASAL VERSUS 
THREONINE BASAL DIET 








Day 18* Day 5* 
Thr Basal ThrBasal ThrBasal Thr Basal 
Light 
total (g) 1.50 + 0.55 0.60 + 0.15 0.27 + 0.13 0.95 + 0.37 
Meal 
frequency 14.2+2.4 10.7426 5.5+2.3 90+ 2.10 
Meal 
size (g) 0.10 + 0.03 0.06 + 0.02 0.05 + 0.01 0.10 + 0.05 
Dark 
total (g) 10.59 + 3.26 4.75 + 2.83 5.85 + 1.60 8.63 + 1.50 
Meal 
frequency 18.5+3.9 10.2+2.2 12.2+3.6 12.7+ 3.4 
Meal 
size (g) 0.52 + 0.12 0.40 + 0.23 0.52 + 0.11 0.73 + 0.09 





Values are mean + S.E. for 4 rats. 


*Indicates days prior to the choice between threonine basal and 
threonine imbalanced diets. 


regimens was to examine the responses of non-naive animals 
to dietary choices in amino acid imbalance and deficiency. 
The responses of separate groups of naive rats to similar 
dietary choice regimens have been reported elsewhere [5]. 
The avoidance of the amino acid imbalanced diet and prefer- 
ence for the alternative balanced or protein-free diet also 
occurred when different indispensable amino acid, other 
than threonine used in the present study, was the most limit- 
ing amino acid in the imbalanced diet [2,8]. Animals were 
adapted to the threonine-basal diet before they were allowed 
to choose between the threonine-basal diet and either the 
threonine-imbalanced or the threonine-devoid diet. Follow- 
ing re-equilibration with the threonine-basal diet, the rats 
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TABLE 2 


FOOD INTAKE, MEAL FREQUENCY AND MEAL SIZE OF RATS OFFERED CHOICES OF THREONINE 
BASAL DIET VERSUS THREONINE IMBALANCED OR DEVOID DIET 





Day | 


Thr 
imb 


Thr 
basal 


Day 10 


Thr 
imb 


Thr 
basal 


Day | 


Thr Thr 
devoid basal 


Thr 
devoid 


Day 7 


Thr 
basal 





Light 

total (g) 
Meal 

frequency 
Meal 

size (g) 
Dark 

total (g) 
Meal 

frequency 
Meal 

size (g) 


1.05 
+0.20 
22.3* 
£15 
0.05 
+0.008 
1.76 
+0.50 
12.8 
+1.2 
0.13 
+0.002 


1.27 
+0.94 
6.20 
+1.8 
0.14 
+0.08 
13.6* 
+1.64 
16.5 
+2.4 
0.85* 
+0.10 


0.18 
+0.03 
5.00 
+0.71 
0.04 
+0.001 
0.10 
+0.05 
2.50 
+0.65 
0.04 
+0.02 


2.86 
+1.19 
7.50 
+0.96 
0.41 
+0.21 
14.82* 
+1.27 
16.2* 
£32 
0.97* 
+0.10 


0.37 
+0.21 
4.50 
+0.87 
0.11 
+0.07 
0.08 
+0.04 
3.70 
+0.13 


1.67 
+0.81 
7.20 
+2.4 
0.19 
+0.07 
17.20* 
+0.63 
19.2 
+2.5 
0.93* 
+0.11 





Values are mean + S.E. for 4 rats. 


*Indicates significant (p<0.05) differences between the two diets in the choice regimens. 
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FIG. 2. Dietary choice patterns of a representative individual rat (day 1) offered the choice 
between thr-imbalanced and thr-basal diets. Upper and lower panels represent the portions of 
intakes from the diets indicated above. The intakes of thr-imb vs. thr-basal diet in light and dark 
phases were 1.00 vs. 2.72 g (light), and 1.46 vs. 14.71 g (dark), respectively. 


were offered the choice between the threonine-basal and the 
threonine-corrected diet. Then the animals were equilibrated 
with the threonine-corrected diet before they were subjected 
to the choice between the threonine-corrected and the 
threonine-devoid diets. Animals were further equilibrated 
with the threonine-basal diet before they were offered the 
choices between the protein-free diet and either the 
threonine-imbalanced diet or the threonine-basal diet prior to 
the termination of the experiment. Equilibration with the 
appropriate diets just prior to changes in choice regimens 


lasted at least 8 days. Each choice experiment was carried 
out for at least 6 days. Longer choice periods were allowed 
for the two diets, that were relatively balanced but differed in 
amino acid contents and those that were similar in every 
aspect except the presence of one indispensable amino acid. 
Body weights of animals were recorded just prior to each 
change in dietary choice regimen so as to avoid untoward 
interruptions during the continuous feeding pattern monitor- 
ing process. The following flowchart represents the men- 
tioned sequential choice regimens. 
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FIG. 3. Dietary choice patterns of a representative individual rat (day 1) offered the choice 
between thr-devoid and thr-basal diets. Upper and lower panels represent respectively the por- 
tions of intakes from the diets indicated above. The intakes of the thr-devoid vs. thr-basal diet in 
light and dark phases were 1.52 vs. 0.14 g (light) and 1.53 vs. 15.01 g (dark), respectively. 


Threonine basal 
vs. (18 days) 
Threonine basal 


Threonine basal 
vs. (10 days) 
Threonine imbalanced 


Threonine basal 
vs. (7 days) 
Threonine devoid 


Threonine basal 
vs. (10 days) 
Threonine basal 


Threonine basal 
vs. (21 days) 
Threonine corrected 


Threonine corrected 
vs. (11 days) 
Threonine corrected 


| 


Threonine corrected 


vs. (13 days) 
Threonine devoid 


Threonine basal 
vs. (8 days) 
Threonine basal 
{ 


Protein-free 
vs. (8 days) 
Threonine imbalanced 


Protein-free 
vs. (6 days) 
Threonine basal 
{ 


End of experiment 


Detailed choice patterns are presented in certain critical 
periods, as indicated. Three-minute intervals (without feed- 
ing) were used as the intermeal interval criteria, since they 


provided more detailed feeding patterns than those of longer 
intervals (5, 10 or 15 minutes), which were examined, with- 
out altering the results. 

The food cups containing the experimental diets were 
changed at the beginning of the light-cycle to minimize inter- 
ference in the remainder of the light-dark cycle, since in the 
dark feeding period, rats fed single diets containing dispro- 
portionate amounts of dietary amino acids consumed most of 
their daily rations in the dark-cycle [16]. Changes in dietary 
regimens in the beginning of the light-cycle also would limit 
the occurrence of whatever small feeding bouts or sampling 
activities in the process of recognition of the physical or 
other characteristics of the diets to the non-feeding light- 
phase. This should aid in the determination of the sequence 
of events induced by the metabolic or nutritional conse- 
quences from the usual consumption of larger quantities of 
the diets in the dark-cycle. It has also been reported that 
when rats allowed to choose between a 60% casein and a 
protein-free diet, the composition of selected meals follows a 
daily rhythm with protein concentration decreasing from 
light to dark meals [4]. All food cups were rotated daily from 
side to side and among the animals at random to discourage 
side preference and individual markings (if any). 

To test if rats given a particular choice showed significant 
increase or decrease in food intake, meal frequency and av- 
erage meal size of one diet rather than the other, the amounts 
of food and the number of meals as well as the average size 
of meals eaten from both diets were compared with a paired 
t-test. 


RESULTS 


The patterns of food intake, meal frequency and average 
meal size of rats offered the choice between 2 identical 
threonine-basal diets during the basal diet pre-feeding period 
on the 18th and Sth days prior to the dietary switching involv- 
ing threonine-basal and the threonine-imbalanced diet are 
shown in Table 1. The animals ate randomly from the 2 food 
cups containing the identical threonine-basal diet. There 
were no significant differences in food intake, meal fre- 
quency or average meal size of the diets offered on the days 
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FIG. 4. Light-cycle meal size and total meal number distributions 
(day 1) of 4 rats offered simultaneously the thr-imbalanced (imb) and 


thr-basal diets. Upper and lower panels represent respectively the 
distribution patterns of the 2 diets offered. 
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FIG. 6. Light-cycle meal size and total meal number distributions 
(day 1) of 4 rats offered simultaneously thr-devoid and thr-basal 
diets. Upper and lower panels represent respectively the distribution 
patterns of the 2 diets offered. 


indicated. The same random choice held true throughout the 
threonine-basal pre-feeding period. Examples of choice pat- 
terns from a representative individual rat selecting the same 
threonine-basal diet during the light or dark-cycle are shown 
in Fig. 1. There was clearly no preference for either food 
cups containing the threonine-basal diet. 

The initial and final patterns of meal frequency and meal 
size of rats offered the choices between threonine-basal and 
either the threonine-imbalanced or the threonine-devoid diet 
following the basal diet pre-feeding are shown in Table 2. 
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FIG. 5. Dark-cycle meal size and total meal number distributions 
(day 1) of 4 rats offered simultaneously thr-imb and thr-basal diets. 
Upper and lower panels represent respectively the distribution pat- 
terns of the 2 diets offered. 
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FIG. 7. Dark-cycle meal size and total meal number distributions 
(day 1) of 4 rats offered simultaneously thr-devoid and thr-basal 
diets. Upper and lower panels represent respectively the distribution 
patterns of the 2 diets offered. 


There was a significant increase in meal frequency of the 
threonine-imbalanced diet with frequent small feeding bouts 
compared to the basal diet during the first light-cycle, al- 
though the food intake of both diets remained similar (Table 
2). The establishment of the preference for the threonine- 
basal diet and the avoidance of the threonine-imbalanced 
diet occurred during the first dark-cycle with marked reduc- 
tion in meal size but not the meal frequency of the imbal- 
anced diet. The portion of the imbalanced diet ingested dur- 
ing the first dark-cycle constituted only 13% of the combined 
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TABLE 3 


FOOD INTAKE, MEAL FREQUENCY AND MEAL SIZE OF RATS OFFERED CHOICES OF THREONINE 
CORRECTED DIET VERSUS THREONINE DEVOID OR BASAL DIET 





Day 1 Day 4 Day 1 Day 6 


Thr Thr Thr Thr Thr Thr Thr Thr 
corr basal corr basal corr devoid corr devoid 





Light 1.52 0.13 0.35 1.03 0.53 1.03 0.95 0.57 
total (g) +0.46 +0.04 +0.11 +0.45 +0.24 +0.35 +0.81 +0.20 
Meal 12.8* 3.70 6.25 . 4.00 ’ 6.75 6.75 
frequency +1.90 +1.10 £13 +0.91 +155 +0.47 
Meal 0.12 0.03 0.05 , 0.15 ’ 0.10 0.09 
size (g) + .03 +0.004 +0.006 +0.04 +0.07 +0.03 
Dark 12.98* 4.45 7.74 ; 11.51 14.69* 1.31 
total (g) +2.50 +2.56 +2.76 +0.49 £3.77 +0.27 
Meal 14.2* 3.50 9.75 : 10.0 14.25* 10.25 
frequency +1.30 +1.80 +2.39 +1.47 +2.63 +2.66 
Meal 0.92 0.73 0.68 ‘ 1.25 \ PE 0.15 
size (g) +0.16 +0.43 +0.21 +0.24 +0.29 +0.05 





Values are mean + S.E. for 4 rats. 
*Indicates significant (p<0.05) differences between the two diets in the choice regimens. 
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FIG. 8. Dietary choice patterns of a representative individual rat (day 1) offered the choices 
between thr-corrected (corr) and thr-basal diets. Upper and lower panels represent respectively 
the portions of intakes from the diets indicated above. The intakes of thr-corr vs. thr-basal diet in 
light and dark phases were 1.74 vs. 0.02 g (light), and 12.57 vs. 8.66 g (dark), respectively. 


total of 15.4 g in the choice regimen. Prolonged choices 
caused a reduction in dark meal frequency as well as light 
and dark-cycle meal size of the imbalanced diet as the 
animals selected almost exclusively the threonine-basal diet 
(Table 2). The subsequent introduction of the threonine- 
devoid diet in place of the imbalanced diet produced similar 
initial and final pattern changes in meal size and meal fre- 
quency. Intensive sampling activity characterized by small 
feeding bouts was also observed during the light-cycle fol- 
lowing the first introduction of the devoid diet. The devoid 
diet comprised only 9% and 0.5% of the combined total food 
intake in the first and the final (day 7) dark-cycles of the 
choice regimen, respectively. Examples of the detailed initial 


choice pattern of a representative individual rat allowed to 
choose between the threonine-imbalanced and the threo- 
nine-basal diet are shown in Fig. 2. The intense sampling 
process was evident shortly after the introduction of the im- 
balanced diet during the beginning of the light-cycle. The 
almost complete rejection of the imbalanced diet occurred 
shortly after the initial consumption of a small quantity of the 
imbalanced diet during the first dark-cycle (Fig. 2). Heavier 
sampling activities were also associated with the first intro- 
duction of the threonine-devoid diet (Fig. 3). The avoidance 
of the devoid diet was also rapid during the first dark-cycle 
after the ingestion of a minute quantity of the diet (Fig. 3). 
The first light and dark-cycle distribution of meal size and 
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FIG. 9. Dietary choice patterns of a representative individual rat (day 1) offered the choices 
between thr-corr and thr-devoid diets. Upper and lower panels represent respectively the por- 
tions of intakes from the diets indicated above. The intakes of thr-corr vs. thr-devoid diet in light 
and dark phases were 1.36 vs. 1.02 g (light), and 11.29 vs. 7.08 g (dark), respectively. 
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FIG. 10. Light-cycle meal size and total meal number distributions 
(day 1) of 4 rats offered simultaneously thr-corr and thr-basal diets. 
Upper and lower panels represent respectively the distribution pat- 
terns of the 2 diets offered. 


total meal number (using the three minute non-feeding as the 
criteria) for all the animals (n=4) in the threonine- 
imbalanced versus threonine-basal dietary choice are shown 
in Figs. 4 and 5, respectively. Most meals ingested during the 
light-cycle, especially those for the imbalanced diet, were 0.1 
g or less (Fig. 4). During the first dark-cycle, a majority of 
the ingested basal diet was composed of meals of 0.5 g or 
more. However, meal size remained mostly small (0.1 g or 
less) for the imbalanced diet (Fig. 5). Similar initial light and 
dark meal size distribution was observed for all animals in 
choices involving the threonine-devoid and the threonine- 
basal diet (Figs. 6 and 7). 

Following a second equilibration with the threonine-basal 
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FIG. 11. Dark-cycle meal size and total meal number distributions 
(day 1) of 4 rats offered simultaneously thr-corr and thr-basal diets. 
Upper and lower panels represent respectively the distribution pat- 
terns of the 2 diets offered. 


diet, the animals were given a choice between the 
threonine-corrected and the threonine-basal diet. After the 
initial extensive sampling of the threonine-corrected diet dur- 
ing the first light-cycle, the animals consumed more of the 
corrected diet during the first dark-cycle (Table 3). The ini- 
tial increase in the dark-cycle intake of the threonine- 
corrected diet was mainly through an elevation in meal fre- 
quency while meal size remained similar to that of the 
threonine-basal diet (Table 3). However, by day 4 no clear 
difference between the choice patterns of the 2 diets was 
observed, and these patterns persisted until the end of the 
choice period (Table 3). 

During the initial choice between the threonine-corrected 
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FIG. 12. Light-cycle meal size and meal number distributions (day 1) 
of 4 rats offered simultaneously thr-corr and thr-devoid diets. Upper 
and lower panels represent respectively the distribution patterns of 
the 2 diets offered. 
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FIG. 13. Dark-cycle meal size and meal number distributions (day 1) 
of 4 rats offered simultaneously thr-corr and thr-devoid diets. 
Upper and lower panels represent respectively the distribution pat- 
terns of the 2 diets offered. 


TABLE 4 
FOOD INTAKE, MEAL FREQUENCY AND SIZE OF RATS OFFERED CHOICES OF PROTEIN-FREE DIET 


VERSUS THREONINE IMBALANCED OR BASAL DIET 





Day | 


Thr 
imb 


Protein 


free 


Day 8 


Thr 
imb 


Protein Thr 
free basal 


Day | 


Protein 
free 


Day 6 


Thr 
basal 


Protein 
free 





Light 

total (g) 
Meal 

frequency 
Meal 

size (g) 
Dark 

total (g) 
Meal 

frequency 
Meal 

size (g) 


0.68 
+0.35 
13.33 
+1.86 
0.05 
+0.07 
4.67 
+1.30 
17.0 
+3.0 
0.27 
+0.05 


2.78 
+1.39 
9.00 
+1.15 
0.29 
+0.11 
12.74* 
+1.45 
11.67 
+2.03 
‘22 
+0.26 


0.11 
+0.01 
7.50 
+5.52 
0.48 
+0.22 
3.28 
+1.39 
6.50 
+0.64 
0.46 
+0.17 


8.37* 
+0.88 
10.5 
+1.04 
0.60* 
+0.11 
17.79* 
+1.75 
14.35 
+1.70 
1.29* 
+0.18 


0.20 
+0.12 
7.25 
+3.04 
0.03 
+ .006 
0.86 
+0.61 
8.75 
+2.78 
0.15 
+0.13 


0.92 
+0.49 
6.50 
+0.05 
0.15 
+0.08 


16.86* 


+1.23 
12.25 
+1.70 


1.43* 


+0.14 


0.26 
+0.11 
8.50 
+2.99 
0.03 
+0.008 
2.43 
+1.39 
9.00 
+2.70 
0.22 
+0.11 





Values are meal + S.E. for 4 rats. 


*Indicates significant (p<0.05) differences detween the two diets in the choice regimens. 


and the threonine-devoid diet after the equilibration with the 
threonine-corrected diet, the animals showed no preference 


for either diet (Table 3). Nevertheless, the animals 
endeavored to distinguish between the 2 diets after 5 days 
and discriminated against the devoid diet, drastically de- 
creasing their dark-cycle intake by markedly curtailing their 
meal size (Table 3). 

Examples of the initial choice patterns of a representative 
individual rat selecting the threonine-corrected and the 
threonine-basal or subsequently the threonine-devoid diet 


are shown in Figs. 8 and 9. The frequent sampling of the 
threonine-corrected diet immediately following its introduc- 
tion during the first light-cycle did not lead to an exclusive 
preference or rejection of the alternative threonine-basal diet 
in the beginning of the first dark-cycle (Fig. 8). The lack of 
obvious avoidance for the threonine-devoid diet was also 
evident in the initial choice between the corrected and the 
devoid diet although the animals sampled both diets fre- 
quently during the first light-cycle (Fig. 9). 

The initial light and dark-cycle meal distribution of meal 
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FIG. 14. Dietary choice patterns of a representative individual rat (day 1) offered the choice 
between thr-imb and protein-free diets. Upper and lower panels represent the portions of intakes 
from the diets indicated above. The intakes of thr-imb vs. protein-free diet in light and dark 
phases were 0.29 vs. 0.89 g (light), and 2.24 vs. 14.58 g (dark), respectively. 
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FIG. 15. Dietary choice patterns of a representative individual rat (day 1) offered the choice 
between thr-basal and protein-free diets. Upper and lower panels represent the portions of in- 
takes from the diets indicated above. The intakes of the thr-basal vs. protein-free diet in light and 
dark phases were 7.84 vs. 0.07 g (light), and 17.64 vs. 0.05 g (dark), respectively. 


size and total meal frequency for all animals in the 
threonine-corrected versus threonine-basal choice are 
shown in Figs. 10 and 11, respectively. Intake of the 2 diets 
offered was composed of meals of 0.1 g or less during the 
first light phase (Fig. 10) but of much larger meals of 1.0 g or 
more during the first dark-cycle (Fig. 11). Similar initial meal 
size distribution with small meals for most of the light-cycle 
intake (Fig. 12) and larger meals for most of the dark-cycle 
intake (Fig. 13) was observed in the threonine-corrected ver- 
sus threonine-devoid choice when no distinct preference for 
either diet was apparent (Table 3). 

The patterns of the initial and final choices between the 
protein-free and the threonine-imbalanced diets or subse- 
quently the threonine-basal diet following the _re- 
equilibration with the threonine-basal diet are shown in 
Table 4. Although no distinct preference for either the 


protein-free or the threonine-imbalanced diet was observed 
during the first light-cycle, the imbalanced diet was over- 
whelmingly rejected during the first dark-cycle with a 
marked reduction in its meal size but not its meal frequency 
(Table 4). By day 8, the dark meal frequency of the imbalanced 
diet was also significantly curtailed while the animals main- 
tained their preference for the protein-free diet and decisively 
rejected the imbalanced diet throughout the choice period (Ta- 
ble 4). However, when the imbalanced diet was substituted by 
the threonine-basal diet, the preference for the protein-free diet 
was immediately reversed in favor of the basal diet during 
the first light-cycle accompanied by abrupt increase in its 
light-cycle intake and meal size (Table 4). The choice for the 
basal diet was established in the beginning of the first dark- 
cycle with a significant increase in meal size but not the meal 
frequency (Table 4). The animals maintained their choice 
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FIG. 16. Light-cycle meal size and meal number distributions (day 1) 
of 4 rats offered simultaneously thr-imb and protein-free diets. 
Upper and lower panels represent respectively the distribution pat- 
terns of the 2 diets offered. 
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FIG. 18. Light-cycle meal size and meal number distributions (day 1) 
of 4 rats offered simultaneously thr-basal and protein-free diets. 
Upper and lower panels represent respectively the distribution pat- 
terns of the 2 diets offered. 


patterns with almost exclusive preference for the basal diet 
to day 6 (Table 4) and beyond until the end of the experi- 
ment. 

Examples of the detailed mode of selection by a represen- 
tative individual rat which avoided the threonine-imbalanced 
diet in favor of the protein-free diet and subsequently re- 
jected the protein-free diet in favor of the threonine-basal 
diet are shown in Figs. 14 and 15. Following alternative 
sampling bouts involving the imbalanced and the protein-free 
diet during the first light-cycle, the animals selected the 
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FIG. 17. Dark-cycle meal size and meal number distributions (day 1) 
of 4 rats offered simultaneously thr-imb and protein-free diets. 
Upper and lower panels represent respectively the distribution pat- 
terns of the 2 diets offered. 
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FIG. 19. Dark-cycle meal size and meal number distributions (day 1) 
of 4 rats offered simultaneously thr-basal and protein-free diets. 
Upper and lower panels represent respectively the distribution pat- 
terns of the 2 diets offered. 


protein-free diet after ingesting small amounts of the imbal- 
anced diet, shortly after the beginning of the dark-cycle (Fig. 
14). When the threonine-basal diet was introduced as an al- 
ternative to the imbalanced diet, a large quantity of the basal 
diet was immediately consumed and the protein-free diet was 
decisively rejected in the beginning of the first dark-cycle 
(Fig. 15). The first light- and dark-cycle meal distribution 
during the imbalanced versus the protein-free choice for all 
the animals are shown respectively in Figs. 16 and 17. The 
majority of the meals consumed during the first light-cycle 
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were 0.1 g or less with occasional large meals (0.5 to 2.5 g) 
for the protein-free diet (Fig. 16). Meal sizes of 1.5 g or more 
for the protein-free diet were evident as the animals estab- 
lished their choice for this diet during the first light-cycle 
(Fig. 17). The substitution of the imbalanced diet by the basal 
diet, with the protein-free diet as an alternative choice, 
evoked light-cycle consumption of large meals (over 3.0 g) of 
the basal diet while meal size for the protein-free diet re- 
mained small (0.1 g or less) (Fig. 18). The animals almost 
exclusively selected the basal diet over the protein-free diet 
during the first dark-cycle with a majority of the meals rang- 
ing from 1.0 to 4.0 g for the basal diet and 0.1 g or less for the 
protein-free diet (Fig. 19). 


DISCUSSION 


It has been previously reported that when naive rats were 
allowed to choose between a basal diet, a corrected diet, or a 
protein-free diet and an imbalanced diet, they invariably re- 
jected the imbalanced diet in favor of the alternative choices 
[5,17]. The studies confirmed these findings in non-naive 
rats, and they also provided information as to the mode 
whereby the choices were established and the course of 
events in which the animals initiated their selection process. 
Under normal circumstances, in a single diet situation in- 
volving dietary amino acid disproportions, rats ate in dis- 
crete meals without frequent small bouts which were charac- 
teristic of sampling activities [16]. In the present studies, the 
frequent small bouts which interspersed between one diet 
and its alternative choice soon after their introduction during 
the first light-cycle, appeared to be an integral part of the 
selection process for establishing subsequent dietary prefer- 
ence during the first dark feeding period. Since the diets 
were introduced immediately after the beginning of the 
light-cycle, which was the non-feeding period for the rats, it 
was not apparent whether similar frequent small sampling 
bouts would be evident if the diets were introduced in the 
beginning of the dark-cycle. The introduction of any diets at 
any time may induce untoward feeding activities in rats. It 
would be reasonable to assume that introduction of the diets 
at the beginning of the light-cycle may prevent the interrup- 
tion or induction of untoward interference in the start of the 
dark-cycle when the feeding activity was usually intense. 
The consumption of small ‘‘sampling’’ bouts of minute 
quantities of the imbalanced or the devoid diet during the 
first light-cycle did not evoke physiological and/or biochemi- 
cal responses to reject such a diet. The animals continued to 
ingest relatively larger amounts of imbalanced or devoid diet 
in the beginning of the first dark-cycle before altering their 
choice patterns in favor of the alternative basal diet (Figs. 2 
and 3). Similar phenomena were observed in the initial 
choice between the imbalanced and the protein-free diet as 
the animals continued to consume the imbalanced diet in the 
beginning of the first dark-cycle before selecting the protein- 
free diet (Fig. 14). Thus the avoidance of the imbalanced or 
devoid diet and the selection of the basal or protein-free diet 
appeared to be initiated during the first dark-cycle shortly 
after the ingestion of a small amount of the imbalanced or 
devoid diet. It is not clear, however, if the small *‘sampling”’ 
bouts facilitated the selection process in the beginning of the 
dark feeding period by providing information for the physical 
and oral-pharyngeal properties of the 2 diets offered. 

The introduction of the unfamiliar threonine-corrected 
diet also evoked intense ‘‘sampling’’ activities during the 
first light-cycle, but no preference was established for either 
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the corrected or the basal diet in the beginning of the first 
dark-cycle (Fig. 8). This is probably due to the lack of ad- 
verse physiological and/or biochemical responses from the 
ingestion of either diet. The failure of the animals to favor- 
ably select the corrected diet over the devoid diet in the 
initial choice period was probably due to the pre-feeding of 
the corrected diet in the equilibration period. The similarity 
in physical characteristics and the metabolic self-correction 
from alternate consumptions of these 2 diets apparently pre- 
vented the animals from fully realizing the metabolic charac- 
teristics of each diet (Fig. 9). However, prolonged ingestion 
of large quantities of the devoid diet apparently produced 
eventual untoward metabolic consequences and thus they 
avoided the devoid diet after 5 days (Table 3). It was uncer- 
tain how the animals distinguished the corrected diet from 
the devoid diet. The fact that olfactory bulbectomized rats 
discriminated against the imbalanced or devoid diet in favor 
of the protein-free diet indicated that olfactory properties 
were not the sole guide for diet recognition in a free choice 
situation [9]. 

Despite the differences in physical and sensory charac- 
teristics of the imbalanced and the protein-free diet, the 
animal alternately consumed small amounts of the 2 diets 
throughout the first light-cycle indicating non-preference for 
either diet (Fig. 14). Overwhelming selection of the protein- 
free diet occurred only after the animal experienced 
postabsorptive metabolic consequences from consuming 
larger amounts of the imbalanced diet in the early part of the 
first dark-cycle (Fig. 14). The abrupt consumption of large 
quantities of the basal diet, shortly after its introduction in 
place of the protein-free diet, was due apparently to at- 
tempted protein repletion by the animal after the prolonged 
preference for the protein-free diet (Fig. 15). The consump- 
tion of large amounts of the basal diet in the first light-cycle 
apparently initiated the abandonment of the protein-free 
diet, and thus, the rejection of the protein-free diet from the 
start of the first dark-cycle (Fig. 15 and Table 4). Under the 
present ~hoice situations, the small “‘sampling’’ bouts, the 
prior nutritional status of the animals, and their initial re- 
sponses to the nutritional and metabolic characteristics of the 
diets, are the major determinants in establishing dietary prefer- 
ences. It also appears that the quantities of the diets con- 
sumed in the sampling process influenced the rapidity of 
selections. 

From the results in meal size distribution patterns, it is 
apparent that the initial response to dietary imbalance or 
deficiency was a depression in meal size, and the curtailment in 
meal frequency occurred only after complete recognition of 
the adverse metabolic consequence of the imbalanced or de- 
void diet. 

The rejection of the imbalanced diet or the devoid diet 
was rapid and evident within 2-3 hours after the ingestion of 
relatively large meals of diets containing the imbalanced or 
deficient amino acid mixtures during the beginning of the 
first dark feeding period. Thus it appears that the time frame 
required for the control system to establish the choices for 
the alternative diets is similar to that which is required for 
the curtailment of intake of a single diet in responses to 
disproportion of dietary amino acids [16]. Also, the choice of 
a protein-free diet or a relatively balanced amino acid diet 
over a diet with an imbalance of amino acids appears to be 
the most sensitive measure of a dietary amino acid balance. 
It is not clear how the dietary selection involving amino acid 
imbalance relates to “‘learned aversion”’ or ‘learned prefer- 
ence’’ as occurs in rats ingesting poison or vitamin deficient 
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diets [18]. Animals with lesions in the anterior prepyriform exact mechanism whereby the animals initiate the accep- 
cortex selected the imbalanced diet over the protein-free diet tance or rejection of diets containing disproportionate 
[8], indicating the involvement of certain neural areas in the amounts of dietary amino acid awaits elucidation. 

control of food intake of amino acid imbalanced diets. The 
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O'REILLY, C. A. AND J. H. EXON. Cyclophosphamide-conditioned suppression of the natural killer cell response in 
rats. PHYSIOL BEHAV 37(5) 759-764, 1986.—Injection of rats with cyclophosphamide (CY) after their consumption of a 
novel saccharin-flavored drinking solution resulted in a conditioned aversion to saccharin and a conditioned suppression of 
natural killer cell (NKC) cytotoxicity. In this study, male Sprague-Dawley rats were conditioned by pairing saccharin with 
50 mg/kg CY, an immunosuppressive drug with noxious gastrointestinal side-effects. Twenty-two and 26 days later, 
re-exposure of conditioned animals to saccharin alone re-enlisted the immunosuppressive effects of CY when NKC 
cytotoxicity was measured on day 29. Although CY also suppressed spleen cell number, IgG antibody titers and interleukin 
2 (IL2) production, these immune responses did not appear to be affected by the behavioral conditioning paradigm in this 
experiment. Unique aspects of this study include the ability to measure multiple immune responses in a single rat and the 
finding that previous reports of behaviorally conditioned immunosuppression can be extended to another parameter, NKC 
cytotoxicity. These findings could have significant implications to human medicine, especially in the area of autoimmunity 


and immunodeficiency, and intervention and treatment of cancer. 
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THE central nervous system plays an integral role in the in 
vivo regulation of immune responsiveness [5]. One line of 
evidence indicating the functional relationship betwen the 
CNS and the immune system is the fact that alterations of 
immune responses can be achieved with behavioral condi- 
tioning techniques. The classical conditioning paradigm in- 
volves the pairing of an initially neutral stimulus (the con- 
ditioned stimulus, CS) with a non-neutral stimulus (the un- 
conditioned stimulus, US), known to evoke some response 
(unconditioned response). After one or more such condition- 
ing trials, the neutral CS acquires the power to elicit the 
response (conditioned response) evoked by the non-neutral 
US. 

While studying taste aversion conditioning, Ader and 
Cohen [1] observed an increased mortality rate in rats con- 
ditioned with cyclophosphamide and saccharin. In those ex- 
periments, rats were exposed to a saccharin drinking solu- 
tion (the CS) in conjunction with an injection of cyclophos- 
phamide (the US), and immunosuppressive drug that also 
produces aversive gastrointestinal side-effects. Rats later 
given a saccharin drinking solution consumed significantly 
lower volumes than the controls, indicating a behaviorally 
conditioned taste aversion to saccharin. In addition, the mor- 
tality rate increased in conditioned rats re-exposed to sac- 
charin. To explain this observation, it was hypothesized and 
subsequently tested that the pairing of saccharin (CS) with 





the immunosuppressant cyclophosphamide (US) resulted in 
behaviorally conditioned immunosuppression of humoral 
immunity [2]. 

This phenomenon has since been demonstrated by behav- 
iorally conditioned alterations of the primary antibody re- 
sponse to the T cell-dependent antigen sheep blood cells [2, 
3, 19, 23], as well as to T cell-independent antigen 2,4,6-trini- 
trophenyl-lipopolysaccharide [12]. Ader and Cohen [3] ex- 
tended their earlier work by demonstrating that the devel- 
opment of autoimmune disease, systemic lupus erythem- 
atosus (SLE), could be dramatically altered in New Zealand 
mice by classical conditioning to the immunosuppressive 
drug, cyclophosphamide. Such conditioning delayed the 
progression of this autoimmune disease. 

Behaviorally conditioned immunosuppression has been 
shown not cnly in humoral immune responses, but also in 
cell-mediate. responses such as graft-vs.-host reactions [11]. 
A study by Gorczynski et al. [16], using a conditioning 
paradigm involving allogeneic skin grafts, demonstrated a 
conditioned-related immunoenhancement of this cell- 
mediated response. A study by Kusnecov e7 al. [17], using 
rabbit anti-rat lymphocyte serum (ALS), which is selectively 
cytotoxic for lymphocytes demonstrated that agents which 
do not produce detectable sensory side effects, as does CY, 
can similarly induce conditioned suppression. In another 
classical conditioning experiment in which an antigenic chal- 
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TABLE 1 
EXPERIMENTAL PROTOCOL FOR BEHAVIORAL CONDITIONING EXPERIMENT IN RATS* 





Day 0 Day 22 Day 26 Day 29 


Sub- 
Group 


Drinking Inj. 
Soln. 


Drinking Inj. 
Soln. 


Drinking Inj. 


Group Soln. 





Conditioned SAC cy CS, 
SAC CY cs, 
SAC CY US 
H,O cy NC 


H,O Vehicle P 


SAC Vehicle 
H,O Vehicle 
H,O cy 

SAC _ Vehicle 
H,O Vehicle 


SAC Vehicle 
H,O Vehicle 
H,O CY 

SAC Vehicle 
H,O Vehicle 


Immune Assayst 
Immune Assayst 
Immune Assayst 
Immune Assayst 
Immune Assayst 


Nonconditioned 
Placebo 





*SAC = saccharin, 0.15% drinking solution; CY = cyclophosphamide, 50 mg/kg subcutaneous; 
N = Srats/group. 

+Bovine serum albumin (BSA) was injected on days 15 and 22 and the DTH reaction was assessed on 
day 23. Keyhole limpet hemocyanin (KLH) was injected on days 15 and 23 to elicit an antibody 


response. Antibody production, natural killer cell cytotoxicity, interleukin 2, prostaglandin E,, 
splenocyte and resident peritoneal cell numbers were assessed on day 29. 


lenge was paired with the presentation of an odor, guinea 
pigs showed a plasma histamine increase when presented 
with the odor alone [20]. A study done in Russia indicates 
that antibody titers can be maintained at high levels for long 
periods of time [18] with various CS as well as US. 

The specific objective of the study was to determine if 
several types of immune responses could be concomitantly 
altered by classically conditioning in male Sprague-Dawley 
rats by associating a taste aversion to saccharin which was 
nonimmunogenic, with concomitant administration of a 
known immunodepressant, cyclophosphamide (CY). Cy- 
clophosphamide has been shown to cause suppression of the 
immune responses as measured in the multiple immunoassay 
one-rat model developed in our laboratory, which permits 
the assessment of multiple immune responses in individual 
animals [14]. The panel of immune responses measured in- 
cluded quantitation of selected immunocyte populations, 
antibody production to T-dependent keyhole limpet 
hemocyanin (KLH), delayed-type hypersensitivity (DTH) 
reaction to bovine serum albumin (BSA), natural killer cell 
(NKC) cytotoxicity to tumor cells and the production of two 
immunoregulatory cytokines, lymphocyte-derived inter- 
leukin 2 (IL2) and macrophage-derived protaglandin E 
(PGE). 


METHOD 


Six-week-old male Sprague Dawley rats were purchased 
from Harlan Sprague Dawley (Indianapolis, IN). They were 
individually caged and maintained on a 12-hr (5 a.m. to 6 
p-m.) light and dark cycle. For the first week after arrival the 
animals were given food and water ad lib. During the second 
week, access to water was gradually reduced until all 
animals were consuming their total daily allotment during a 
single 30-min period between 8 and 9 a.m. This schedule was 
maintained throughout the experiment. 

A summary of the conditioning protocol is presented in 
Table 1. On the day of conditioning (day 0), conditioned 
animals received a 0.15% sodium saccharin solution during 
their 30-min drinking period. Immediately after the drinking 
period, animals received a subcutaneous (SC) injection of 50 
mg/kg cyclophosphamide (CY, Sigma Chemical Co., St. 


Louis) in a volume of 0.5 to 1.0 ml sterile water or an appro- 
priate volume of the vehicle. Nonconditioned animals were 
provided with plain water and were similarly injected with 
CY. Placebo animals received plain water and SC injections 
of the vehicle. To eliminate any possible olfactory condition- 
ing to the saccharin, animals provided with saccharin on 
different days were housed in separate laboratory rooms. 

On day 15, each rat was injected SC with bovine serum 
albumin (BSA) emulsified in Freund’s complete adjuvant, 
and keyhole limpet hemocyanin (KLH), to induce a 
delayed-type hypersensitivity reaction (BSA) or a humoral 
immune response (KLH). This antigen treatment has been 
reported previously in detail [13]. 

On day 22, one group of 5 conditioned rats received a 
saccharin drinking solution for the first 15 min of the drinking 
period, followed by plain water for the second 15 min. Im- 
mediately following the drinking period, this group of rats 
received an SC injection of vehicle. This group was desig- 
nated CS,. Two additional control groups of conditioned 
animals received plain water. One of these groups, desig- 
nated US, was subsequently injected with CY in order to 
determine the maximal unconditioned response produced by 
the immunosuppressive drug by this regimen. The rats of the 
second group, designated CS», served as a control for the 
effect of the initial taste aversion conditioning regimen and 
received an SC injection of vehicle. Rats in one of the non- 
conditioned groups, designated NC, were provided with a 
saccharin drinking solution for 15 min and water for 15 min, 
and received an SC injection of vehicle. These animals pro- 
vided a control for the possible effects of saccharin and SC 
injections. Placebo (P) animals received only water to drink 
and SC injections of vehicle. Rats in all groups also received 
a footpad injection of BSA. On day 23, footpads were meas- 
ured for swelling to determine the DTH reaction and the 
animals received the second injection of KLH to induce pro- 
duction of IgG. On day 26, exposure to saccharin, water, CY 
or vehicle was repeated exactly as on day 22. 

On day 29, all rats were sacrificed by asphyxiation with 
carbon dioxide and assayed for immunocompetence. Multi- 
ple immunoassays were performed to assess different im- 
mune responses in the same animal. Serum antibody levels to 
KLH were determined by an enzyme-linked immunosorbent 
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FIG. 1. Water and saccharin intake of behaviorally conditioned rats. 
a,b=columns/day with different letters are significantly different 
(p<0.05) from each other by analysis of variance and least squares 
mean comparisons. See Table 1 for conditioning paradigm. 


assay (ELISA), as a measure of humoral immunity. De- 
layed-type hypersensitivity to BSA, as determined by foot- 
pad swelling assay and measured on day 23, was used a 
measure of in vivo cell-mediated immunity. Natural killer 
cell (NKC) and interleukin 2 (IL2) production were deter- 
mined in vitro from isolated splenocytes of individual rats. 
Prostaglandin E, (PGE,) synthesis was measured in vitro 


using resident adherent peritoneal cells. Splenocyte and 
resident peritoneal cell numbers and spleen and thymus 
weights were also quantitated. A brief description of each 
procedure is provided below. 


Natural Killer Cell Assay 


This method has been recently described in detail [22]. 
Briefly, single cell suspensions were prepared from rat 
spleens in complete medium and the erythrocytes were lysed 
by hypotonic shock. Adherent and phagocytic cells were 
removed by incubating the cells on nylon wool columns with 
a subsequent one-hr incubation in tissue culture flasks. 
YAC-1 tumor cells were labelled with Cr and used as NKC 
targets. The target cells were added to 96-well flat-bottomed 
microtest plates containing varying concentrations of NK 
effector cells (i.e., either 100:1 or 50:1 to target cells). After 
an incubation period of 4 hr, the cell-free supernatant was 
collected from each well and counted on a gamma counter. 
Counts per minute (cpm) values for control animals at a 50:1 
effector/target ratio ranged between 900 to 1150. Specific 
51Cr release from lysed target cells was calculated by the 
formula: 


experimental release — 
spontaneous release 
maximum release by 2% SDS — 
spontaneous release 





x 100% = % cytotoxicity 


Enzyme-Linked Immunosorbent Assay (ELISA) 
Analysis of anti-KLH serum IgG antibodies was done by 


% Cytotoxicity 














P US 


FIG. 2. The effects of conditioning on rat natural killer cell 
cytotoxicity. See Table | for the conditioning paradigm. Five rats/ 
group. Natural killer cell cytotoxicity was measured by a 4 hr ™'Cr- 
release assay at an effector:target ratio of 50:1. Columns with differ- 
ent letters are significantly different (p<0.05) from each other by 
analysis of variance and least squares mean comparisons. 


microplate modification of the enzyme-linked immunosor- 
bent assay (ELISA) described by Exon et al. [13]. Briefly, 96 
well round bottom microtiter plates were coated with KLH 
by overnight incubation of 100 wg of KLH in 100 yl of bicar- 
bonate coating buffer (pH=9.6) per well. The plates were 
then washed 3 times in PBS-Tween (pH-7.4) and 100 pl of 
serially diluted serum samples were added to each well in 
triplicate. After 1 hr of incubation at 37°C, the plates were 
washed 3 times with PBS-Tween, and 100 ul of specific anti- 
rat IgG, conjugated to alkaline phosphatase (Zymed Labora- 
tories, San Francisco, CA) and diluted 1:500, was added to 
each well. The plates were then incubated for 1 hr at 4°C, 
washed 3 times with PBS-Tween and 100 ul of substrate 
(p-nitrophenyl phosphate, Sigma, St. Louis, MO) diluted in 
10% ethanolamine solution added. After 30 min of incubation 
at room temperature, the optical density, at 405 nm, of each 
well was.determined using a Titertek Multiskan MC reader. 
Controls include: (1) all reagents except KLH, (2) all rea- 
gents except anti-rat IgG conjugated enzyme, and (3) all rea- 
gents except substrate. A 1:50 dilution of normal rat sera was 
included as a negative serum control. Antibody titers were 
defined as the highest serum dilution yielding an optical 
density above the statistical mean of the negative serum con- 
trol. Statistical analysis was done by ranking the titers and 
giving the highest titer a rank of 1. The ranked values were 
then analyzed by least squares means comparisons. 


Delayed-Type Hypersensitivity (DTH) Assay 


A DTH reaction was used to assess in vivo cell-mediated 
immunity in rats as previously described [14]. Rats were 
sensitized SC with bovine serum albumin (BSA) emulsified 
in Freund’s complete adjuvant (FCA), and challenged seven 
days later by injecting the footpad with heat-aggregated 
BSA. Briefly, a solution of BSA in saline was mixed 1:2 by 
volume with FCA and 100 «xg BSA, in a 100 pl aliquot, was 
injected SC at the base of the tail. Seven days later, the left 
rear footpad was challenged with 100 wl of 2% heat- 
aggregated BSA. The right rear footpad was sham-injected 
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CS, 
FIG. 3. Effects of conditioning on rat serum IgG antibody titers to 
keyhole limpet hemocyanin. See Table 1 for the conditioning 
paradigm. Five rats/group. Serum IgG was measured by an 
enzyme-linked immunosorbent assay (ELISA) following two KLH 
injections of 1 mg each 14 and 6 days prior to serum collection by 
cardiac puncture. The highest antibody titer is given a rank of 1.0 
(i.e., the higher the rank, the lower the titer). Columns with different 
letters are significantly (p<0.05) different from each other by 
analysis of variance and least squares mean comparisons. 


with sterile physiological saline. Twenty-four hr later, foot- 
pads were measured for swelling using an electronic digital 
micrometer. The thickness of the saline-injected footpad was 
subtracted from the BSA-injected footpad to determine the 
DTH reaction. The data are reported as mean mm difference 
in swelling. 


Interleukin 2 Assay 


The assay for IL2 production has been reported previ- 
ously in detail [13,15]. Briefly, spleens were removed asepti- 
cally from each animal, forced through sterile stainless steel 
screens to obtain single cell suspensions, counted, and di- 
luted to 1x 10® cells/ml. One ml aliquots were incubated 24 
hr, with or without 1.0 g/ml of Concanavalin A (Con A), 
and the cell-free supernatant was harvested and analyzed for 
IL2 content. The IL2-containing supernatant was serially di- 
luted (log 2) and added in 100 yl aliquots to 96-well culture 
plates containing 100 yl (4x 10* cells) of the IL2-dependent 
cytotoxic T lymphocyte clone, CTLL. The CTLL cells and 
IL2-containing supernatants were incubated for 18 hr, pulsed 
with 1.0 wCi *H-thymidine for 4 hr, harvested onto glass fiber 
filters and counted on a scintillation counter. Control cul- 
tures included naive CTLL cells, non-Con A-stimulated 
spleen cell supernatant, media only, CON A-stimulated CTLL 
cells, and a purified human IL2 standard (Cellular Products 
Inc., Buffalo, NY) from which IL2 units were calculated by 
the method of Gillis et al. [15]. The IL2 standard contained 
1119.75 units of IL2 per ml. The results are expressed as 
mean units of IL2 per ml. 


Prostaglandin E, Analysis 


Prostaglandin E, production by resident adherent per- 
itoneal cells from each rat was measured by a radioim- 
munoassay (RIA) technique. Briefly, resident peritoneal 
cells were collected by lavage, washed, counted on a Coulter 
counter, and diluted to 1.5x10® viable cells per culture. 
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FIG. 4. Effect of conditioning on interleukin 2 production by rat 
splenocytes. See Table 1 for the conditioning paradigm. Five rats/ 
group. IL2 activity in supernatants of CON A-stimulated spleno- 
cytes was determined by capacity to stimulate growth of IL2- 
dependent CTLL cells, as measured by *H-TdR uptake. Columns 
with different letters are significantly (p<0.05) different from each 
other by analysis of variance and least squares mean comparisons. 


Non-adherent cells were removed by rinsing following a 
90-min incubation. Synthesis of PGE, was stimulated by ad- 
dition of LPS for 20 hr, after which supernatants were col- 
lected and stored at —20°C until analyzed by a double 
antibody RIA technique utilizing rabbit anti-PGE,-BSA 
serum and goat anti-rabbit IgG. The lower sensitivity limit 
for detection of PGE, was 10 pg/tube. The results are ex- 
pressed as ng PGE,/10° resident adherent peritoneal cells. 


Statistical Analysis 


All data were computerized and analyzed by a conven- 
tional Analysis of Variance and least square means compari- 
sons. A probit analysis was used for quantitation of IL2 
units. 


RESULTS 


Significant (p<0.05) taste aversion was conditioned in the 
CS, group rats who received CY paired with saccharin on 
day 0 (Fig. 1). This is demonstrated by decreased intake of 
saccharin solution upon re-exposure to saccharin only on 
days 22 and 26, and compared to NC rats who did not receive 
CY paired with saccharin on day 0. The conditioned taste 
aversion in the CS, group appeared to be undergoing extinc- 
tion on day 26 as indicated by increased saccharin consump- 
tion compared to day 22. All rats given saccharin had access 
to plain water for the second 15 min of the drinking period, 
and there were no differences between any group in the total 
volume of fluid intake (data not shown). 

Determination of significant effects of conditioning on an 
immune response was made by planned comparisons be- 
tween specific treatment groups. First, a comparison be- 
tween the placebo group, P, and the US group (maximal CY 
effect) was made to determine the direction and magnitude of 
the unconditioned response elicited by the unconditioned 
stimulus, CY. A comparison was then made between group 
P and groups NC and CS». This comparison would indicate 
(1) any residual effect resulting from initial CY treatments (P 
vs. NC or CS,), (2) the effect of the initial conditioning 
paradigm (P vs. CS»), or (3) the effect of the pairing of sac- 
charin with injections in the absence of initial conditioning (P 
vs. NC). The critical comparisons were then made between 
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the conditioned group, CS,, and the two relevant control 
groups, NC and CS,. It was anticipated that the maximal 
effect of CY by this protocol would be apparent in the US 
group. The effect in the CS, group ideally would be of the 
same direction, but potentially of lesser magnitude, and 
should be significantly different from both the NC and CS, 
control groups. 

Natural killer cell cytotoxicity was significantly affected 
by behavioral conditioning (Fig. 2). Rats in groups,CS, and 
NC, which each received a single injection of CY on day 0, 
had NKC cytotoxicity that was not different than group P 
animals, thus indicating no residual effects of the initial CY 
injection or conditioning paradigm on NKC activity. The 
group CS, rats had NKC activity significantly (p<0.05) 
lower than either of the relevant control groups, CS, or NC, 
yet greater than the US (maximal suppression) group. 

Serum IgG antibody levels to KLH (Fig. 3), interleukin 2 
(Fig. 4) production, spleen weights, and numbers of spleno- 
cytes and resident peritoneal cells, although significantly 
suppressed by CY treatment, the CS, group rats were not 
significantly different than both relevant controls, CS, and 
NC groups, thus indicating a lack of conditioning of these 
responses by this particular treatment regimen. No further 
comparisons were made in regard to conditioning of DTH 
reactions, PGE synthesis or thymus weights, since maximal 
CY exposure (Group US) failed to induce significant changes 
in these immune parameters. 


DISCUSSION 


Conditioned rats that were re-exposed to a conditioned 
stimulus previously paired with CY, an immunosuppressive 
drug, showed significantly suppressed NKC cytoxicity when 
compared to conditioned animals not re-exposed to the con- 
ditioned stimulus and non-conditioned or placebo-treated 
rats. No other immune parameter examined (i.e., antibody 
production, DTH reactions, IL2 and PGE, synthesis, organ 
weights and immunocyte numbers) showed consistent signif- 
icant alterations associated with behavioral conditioning by 
appropriate comparisons. These data extend previous ob- 
servations by others that behaviorally conditioned im- 
munosuppression can be detected in antibody responses to 
antigens, graft-vs.-host responses, and the progression of au- 
toimmune disease [2, 3, 11, 12, 19, 23] to include suppression 
of NKC cytotoxic responses. 

Others have reported significant effects of behavioral 
conditioning on the humoral immune response to both 
T-dependent and T-independent antigens [2, 12, 19, 23]. The 
lack of significant effects of behavioral conditioning on 
antibody production in this study is most easily explained by 
the residual effects of CY on the humoral immune response 
after re-exposure to the CS. A comparison of groups NC and 
CS», which received one injection of CY on day 0, to the P 
group, indicates that the humoral immune response may still 
have been suppressed by the initial dose of CY (Fig. 3). 
Therefore, any effects of behavioral conditioning in the CS, 
group may have been masked. It appears, in this experi- 
mental model, that the humoral immune response does not 
readily recover from CY-induced modulation. Perhaps this 
problem could be circumvented by either decreasing the CY 
dose or prolonging the interval between initial CY exposure 
and assessment of the humoral immune response after re- 
exposure to the CS. A similar residual CY effect may explain 
the absence of significant conditioning effects on spleen 
weight (data not shown), which showed a pattern similar to 
antibody production. 
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The efficacy of behavioral conditioning on T 
lymphocyte-mediated immune response has not been exten- 
sively studied. Bovbjerg et al. [10,11] reported suppression 
of graft-vs.-host reactions in Brown Norway rats by behav- 
ioral conditioning techniques. Kusnecov et al. [17] demon- 
strated a conditioned suppression of the allogeneic mixed 
lymphocyte reaction (MLR) in Wistar rats. Gorczynski et al. 
[16] produced a conditioned enhanced allogeneic skin graft 
reaction in CBA mice. We were unable to produce signifi- 
cant effects in Sprague-Dawley rats by taste aversion condi- 
tioning in regard to DTH reactions and IL2 production in this 
experiment. In fact, even though maximal CY treatment re- 
sulted in decreased IL2 production (P vs. US), this response 
was actually augmented in some groups which received only 
a single injection of CY on day 0 followed by some condition- 
ing regimen (Fig. 4). The DTH response was similarly en- 
hanced in some conditioned groups (data not shown). It 
could be postulated that the apparent enhancement of this T 
cell-mediated response resulted from a rebound phenom- 
enon following initial suppressive effects of the single dose of 
CY administered 29 days earlier. Alternatively, it has been 
demonstrated that CY is selectively toxic to T suppressor 
cells at low doses, while various immunocyte populations 
are affected at greater doses [21]. If the suppressor T cell 
population was slow to recover from CY-induced effects, an 
apparent enhancement of some immune responses may oc- 
cur. These selective effects of CY may contradict the use of 
this immunomodulator in some conditioning experiments. 

The conditioned taste aversion response observed in this 
experiment appeared to be undergoing extinction following 
the second conditioning treatment on day 26, compared to 
day 22. Conditioned rats in group CS, drank more saccharin 
solution on day 26 than on day 22. However, there was sig- 
nificant taste aversion of the CS, group on both days com- 
pared to the NC group. Others have reported apparent ex- 
tinction of the conditioned response following several re- 
exposures to the conditioned stimulus [11,19]. It remains to 
be determined how many re-exposures to the conditioned 
stimulus would be required to extinct the conditioning- 
related effects on the NKC response in this model. 

The physiologic mechanisms mediating the conditioned 
suppression of NKC cytotoxicity remain unknown. The hy- 
pothesis that conditioned immunosuppression is mediated by 
adrenocorticosteroids has not been proven, and is in fact, 
contradicted [5]. In this study, animals of all groups received 
identical injection regimens of drug or vehicle in an attempt 
to provide uniformity in the *‘stress’’ of conditioning proce- 
dures and thereby not selectively elevate steroids in any 
group. A hypothesis has been proposed, but requires consid- 
erable supportive research, that a reciprocal chemical com- 
munication exists between the nervous, endocrine and im- 
mune systems and that the “‘messages’’ are mediated by 
neurotransmitters produced by neurons, hormones produced 
by endocrine glands, and immunopeptides produced by im- 
munocytes (reviews by [6-9]). A major problem confronting 
researchers in this field of study is the lack of suitable animal 
models and the difficulty of designing meaningful experi- 
ments to assess these hypotheses, given the immense com- 
plexity of any one of these systems. This study suggests that 
conditioning-related suppression of the NKC response in 
rats may be a useful model in neuroendocrine immunology. 
This largely neglected area of research has potential signifi- 
cant clinical ramifications in intervention and treatment of 
cancer and autoimmune and immunodeficiency diseases. 
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KING, J. E., S. HSIAO AND M. N. LEEMING. Licking patterns for sucrose solutions by young and aged squirrel 
monkeys. PHYSIOL BEHAV 37(5) 765-771, 1986.—The licking elicited by 0.1, 0.3, and 1.0 M sucrose solutions was 
measured in six young and six aged squirrel monkeys. All tongue-on and tongue-off times were recorded in addition to 
conventional measures of lick rate and consumption. Consummatory activity by both groups increased monotonically with 
sucrose concentration. Aged monkeys displayed greater within animal variability of tongue-on times than did young 
monkeys. Distributions of pause lengths between licking bursts contained two components, one varying inversely with 
sucrose concentration, the other varying inversely with age. Distributions of licks per burst contained a component that 
increased with sucrose concentration but none varying with age. Results indicated that licking deteriorated little with age 
and that consumption is controlled mainly by length and spacing of bursts, not by individual lick parameters. 


Aging Drinking Licking Sucrose solutions 


Squirrel Monkeys 





A common behavior exhibited by laboratory animals is a 
stereotyped pattern of licking at sipper tubes supplying water 
or some other solution. Licking is a highly intricate sequence 
of coordinated tongue, mouth, and throat responses [13,33] 
in addition to more variable postural and locomotor re- 
sponses towards and away from the water source between 
bursts of licking. The entire behavioral complex has both 
respondent and operant components [16,18]. Drinking typi- 
cally occurs in bursts of licks emitted at a rapid and fairly 
constant rate separated by pauses of relatively long duration. 
Lick rates within bursts and other parameters of licking have 
been frequently described in laboratory rats (see [12] for a 
review) and less frequently described in several other spe- 
cies including cats [27], rabbits [26], hamsters [23], gerbils 
[24] and various wild rodents [3]. Lick rates within bursts 
vary from about 3.5 to 7.0 licks per second depending upon 
species and testing conditions. 

Behavioral regulation of the overall rate of liquid inges- 
tion is mainly accomplished by changing the mean duration 
and number of bursts and the pause lengths between bursts 
{1, 2, 9, 19, 29]. These changes have been referred to as 
macrobehavioral changes [1]. The constant lick rate within 
bursts initially led to the assumption that overall ingestion 
rate was controlled only by macrobehavioral adjustments 
[9,30]. However, later research on rats indicated that lick 
rates may change within test sessions and with use of less 
preferred solutions [5, 6, 8, 11]. 

Since lick rate within bursts is jointly determined by 
tongue-on (on-off) and tongue-off (off-on) times within 
bursts, analysis of these components is necessary for a full 
description of within burst regulation of drinking. Constancy 
of lick rate does not necessarily imply constancy of tongue- 





on and -off times. For example, Allison and Castellan [2] 
showed that rats drinking saccharin solutions to satiation 
decreased tongue-on and increased tongue-off times while 
maintaining constant within burst licking rates. Further- 
more, changes in those microbehavioral times can occur in- 
dependently of macrobehavioral changes in pause and burst 
durations [1]. The experiment described in this paper 
demonstrates both micro- and macrobehavioral charac- 
teristics of licking by squirrel monkeys for sucrose solutions 
of differing molarities. 

Squirrel monkeys are omnivorous frugivores and display 
far greater variety and flexibility in their eating and drinking 
behaviors than do rodents. For example, in addition to lick- 
ing and lapping, squirrel monkeys frequently obtain water 
from open water bowls by dipping a hand in the water, rais- 
ing the hand over the head and then licking the water off the 
hand as it drips off the hand [13] (unpublished observations). 
Therefore, one purpose of the experiment was to determine 
if squirrel monkeys would display deviations from the ster- 
eotyped pattern of licking characteristic of rodents. A sec- 
ond purpose of the experiment was to describe the effects of 
aging on micro- and macrobehavioral aspects of licking. 
Licking is a rapid, precisely controlled motor response. 
Ability to emit rapid motor movements is diminished in aged 
humans [31]. This suggests that age related changes in licking 
may also occur that would be a basis for a convenient animal 
model of age related changes in motor control and efficiency. 


METHOD 
Subjects 


Subjects were 12 squirrel monkeys (Saimiri sciureus) 


‘Partial funding for construction of the lickometers used in this experiment was provided by Tri-Tronics Inc., Tucson. The authors would 
like to express their gratitude to Robert Spencer for writing the programs used for collection and initial processing of the licking data. 
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consisting of six young adults (ages between 3 and 4 years) 
and six aged adults (ages over 12 years). The young and the 
aged groups each contained 3 males and 3 females. 


Apparatus 


All readings were taken from three lick stations. Each 
was a 69 by 46 by 71 cm cage constructed from stainless steel 
mesh, with a sheet of 3.2 mm thick Plexiglas attached inside 
the mesh on one side. A 1.4 cm circular hole was located in 
the Plexiglas 28 cm above the cage floor. A 50 ml glass buret 
graduated in 0.1 ml units with an attached stainless steel 
sipper tube (7 mm i.d., 1.6 mm i.d. at the tip) was mounted 
outside the Plexiglas. The tip of the tube was centered in the 
circular hole 6 mm from the outside surface of the Plexiglas. 
This arrangement permitted the monkeys to contact the tip 
of the sipper tube with their tongues but prevented mouth 
contact with the tube. It also forced the monkeys to extend 
their tongues at least 9.2 mm to contact the sipper tube. 

Licks were recorded through an electronic lickometer 
circuit constructed in our laboratory. The lickometer 
allowed a maximum current flow of 0.25 wA when the sipper 
tube was contacted by a monkey (5 VDC open circuit volt- 
age, 22 MQ+ 10% output impedence, resistive). The lickome- 
ter was connected to a small computer that recorded all 
tongue-on and tongue-off times to a 1 msec accuracy and 
computed basic summary statistics. 


Test Procedure 


Before the start of testing, all monkeys were trained over 
a 2 month period to lick sucrose solutions from burets 
mounted on their home cages. The sipper tubes were gradu- 
ally withdrawn from the sides of the cages until the monkeys 


were forced to extend their tongues at least 9.2 mm to con- 
tact the tip. This training included adaptation to the three 
sucrose molarities used in the experiment. 

The monkeys were tested in groups of three with one 
monkey assigned to each of the lick stations. Solutions used 
were 0.1, 0.3, and 1.0 M sucrose prepared with distilled 
water. Before each test, the burets were filled to a height of 
50 cm above the tip of the attached sipper tube. Then burets 
were installed on the lick stations with the sipper tubes 
turned away from the monkeys. The solution levels were 
then recorded. The solutions were always at room tempera- 
ture (25°C). The test was initiated by turning the sipper tubes 
toward the monkeys and starting the recording from the lick- 
ometers. Testing continued for 15 min after which levels in 
the burets were read again. 

Tests were conducted at 8:00 a.m. and 5:00 p.m. five days 
a week. Three hours before each of these tests, the monkeys 
were fed one-half of their daily ration of moistened monkey 
chow. Following the 5:00 p.m. test they were given a small 
portion of fruit, vegetables, or egg. In addition, the monkeys’ 
water bottles were removed three hr before each test and 
replaced after each test. The relatively mild water depriva- 
tion was used to minimize dehydration effects, a condition to 
which aged squirrel monkeys are particularly susceptible. 


Experimental Design 


All monkeys were tested for six days or a total of six 
morning and six afternoon testings. Each of the sucrose 
solutions (0.1, 0.3, 1.0 M) was presented on two morning tests 
and two afternoon tests for each monkey. The presentation 
order was randomized with the restriction that the same mo- 
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larity not be presented to any monkey on two successive 
tests and that on each test day a different molarity be used at 
each lick station. All three molarities were used equally often 
at each lick station and to the extent possible each lick sta- 
tion was used equally often for male, female, young and aged 
monkeys. 


RESULTS 


Tongue-on durations lasting longer than 400 msec were 
recorded but excluded from the statistics described below. 
Sipper tube contacts exceeding this value constituted less 
than 1% of all responses and probably resulted from a variety 
of artifacts including failure to withdraw the tongue from the 
tube after a lick and infrequent finger contacts with the tube. 
Young and aged monkeys did not differ significantly in the 
proportion of these long contacts. Frequency distributions of 
tongue-off times had modes of about 80 msec with a sharp 
decrease in frequencies of higher times. Tongue-off times 
greater than 300 msec were clearly not part of the distribu- 
tion of tongue-off times within a burst for any monkey but 
instead indicated a sustained break in the licking rhythm 
within a burst. Therefore, a burst was defined as three or 
more tongue contacts with not more than 300 msec between 
contacts. However, single and double licks were included in 
data for computation of tongue-on and tongue-off times. 

The mean rate of licking within bursts was 4.42 licks/sec; 
the mean tongue-on time was 145 msec and the mean 
tongue-off time was 84 msec. The two age groups did not 
differ significantly in lick rate, tongue-on or tongue-off times. 
Young and aged monkeys likewise displayed nonsignificant 
differences on several measures of overall consummatory 
activity including number of licks; ml of liquid consumed; 
number, mean length, and total duration of bursts; total 
tongue-on time; and mean licks per burst. Licking efficiency 
was not significantly impaired in the aged monkeys. These 
efficiency measures included ml consumed per lick (overall 
mean, 0.0050 ml), per sec of burst activity (overall mean, 
0.0244 ml), and per sec of tongue-on time (overall mean, 
0.0363 ml). 

Standard deviations of tongue-on and tongue-off times 
were obtained for each monkey and these standard devia- 
tions were used as the dependent variable for an analysis of 
variance. The within subject standard deviations of tongue- 
on times were about 50% larger in the aged than in the young 
monkeys (29.3 vs. 19.8 msec), F(1,8)=6.70, p =0.032. Stand- 
ard deviations of tongue-off times did not vary significantly 
with age. 

As sucrose concentration increased, lick rate, mean 
tongue-on and tongue-off times, and within subject standard 
deviations of tongue-on and tongue-off times remained vir- 
tually constant; none of these values varied by more than 5% 
across the three sucrose concentration levels. All measures 
of total consummatory activity monotonically increased with 
sucrose concentration. Figure 1 depicts the increases in the 
total number of licks, F(2,16)=24.39, p<0.0001, mean ml of 
solution consumed, F(1,16)=5.32, p=0.0169, mean number 
of bursts, F(2,16)=9.65, p=0.0018, and mean duration of 
bursts, F(2,16)=9.65, p =0.0018. The three measures of lick- 
ing efficiency (ml consumed per lick, per sec of burst activ- 
ity, and per sec of tongue-on time) did not vary significantly 
with sucrose concentration. 

A further analysis was conducted on changes in licking 
within sessions. Over the initial three bursts in each session, 
licks per burst increased from 19.0 to 28.5, F(2,16)=6.03, 
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FIG. 1. Licks per min, liquid drunk per min, number of bursts per 
min, and mean burst length as sucrose concentration increased from 
0.1 M to 1.0 M. 


p=0.0112, while lick rate within bursts decreased slightly 
from 4.62 to 4.30, F(2,16)=4.00, p=0.0390. Two mac- 
robehavioral consumption measures, licks per burst and 
mean pause duration were analyzed over the three five-min 
periods comprising each test session. Mean pause durations 
did manifest a small nonmonotonic change over the three 
five-min periods (22.9, 31.0, and 25.6 sec, respectively), 
F(2,16)=4.89, p=0.0220. However, licks per burst did not 
vary significantly over the three periods. The periods by 
molarity interaction did not approach significance for either 
of the measures. 

None of the measures varied significantly between morn- 
ing and afternoon test sessions. Similarly, no significant 
differences between male and female monkeys were ob- 
served. 

A final detailed analysis was applied to the distributions 
of pause durations between bursts and number of licks per 
burst. As noted before, variations in these two mac- 
robehavioral quantities typically account for most if not all 
variation in total liquid consumption. 

Figure 2 shows frequency distributions of pause durations 
between 2.4 and 34.4 sec as a function of age and molarity. 
Data for two aged and one young monkey were excluded 
since they produced less than 100 pauses per condition, too 
few for reliable estimation of distribution parameters. The 
most striking difference between the pause duration distri- 
butions of the young and the aged monkeys was the more 
pronounced positive skew in the aged monkey distributions. 
The bulk of the pause durations of the aged monkeys were 
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FIG. 2. Distributions of pause durations between bursts for young 
and aged monkeys drinking 0.1 M, 0.3 M, and 1.0 M sucrose solu- 
tions. 


around 6 sec with relatively few durations having longer 
lengths. However, the pause duration distributions of the 
young monkeys, although also somewhat positively skewed, 
displayed a more uniform distribution than those of the aged 
monkeys. Positively skewed distributions frequently occur 
in a variety of other types of behavioral durations including, 
for example, reaction times [21, 22, 25] and latencies of 
straight alley runs by rats [4]. 

Positively skewed latency distributions are often closely 
fit by gamma probability functions. Latencies with general 
gamma distributions [22] will be generated when a fixed 
number, N, of stochastically independent intermediate 
events must occur in sequence to produce a total waiting 
time or latency. After each intermediate event in the se- 
quence, a new process immediately begins that eventually 
terminates in the next intermediate event. The successive 
waiting times (T,, T., . . . Ty) for each event are determined 
by the exponential probability densities f(t) = Aye“ with 
rate parameters A;, i=1,2,3, . . . N. The sum ST, is the total 
latency for the occurrence of N events. A reasonable as- 
sumption is that this theoretical sequence is mimicked in 
behavioral waiting time such as pause or burst durations 
where the subjects must presumably complete each of a se- 
quence of subevents before ending the total duration. 

For many behavioral latencies it is unrealistic to assume 
an underlying gamma distribution with equal rate constants 
for each of the N intermediate events in the sequence. Un- 
fortunately, if the rate parameters are unequal, they cannot 
all be estimated from the distribution of the total latencies. 
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FIG. 3. Logarithmic plots of proportion of pause durations greater 
than t sec for young and aged monkeys drinking 0.1 M, 0.3 M, and 
1.0 M sucrose solutions. 


However, some information about the chain of latencies 
comprising the total pause durations sometimes can be ob- 
tained from a plot of the log proportion of pause durations 
greater than t as a function of t. If one exponentially gov- 
erned latency in the chain is long relative to all others, that 
long latency process will almost completely determine the 
linear tail of the logarithmic plot irrespective of where the 
long latency occurs in the overall chain. The slope of the tail 
is then equal to —A, the negative reciprocal of the mean 
latency of the long latency component [22]. 

Figure 3 shows the logarithmic plots of pause durations 
greater than t sec for the two age groups and three sucrose 
concentrations. The substantial linearity of the terminal por- 
tions of the logarithmic functions is consistent with the pres- 
ence of a single long latency, exponentially governed process 
within the chain of events that we are assuming to comprise 
the interburst pauses. The linear terminal sections clearly 
dominate more of the distributions of the aged monkeys than 
those of the young monkeys, a consequence of the higher 
skewness of the aged animal distributions displayed in Fig. 2. 
In addition, the slopes systematically increase with molarity. 
The logarithmic plots for the aged monkey data are linear for 
probabilities less than 0.70 while those for the young monkey 
data are linear for probabilities less than 0.60. Therefore, the 
best fitting straight line according to a least squares criterion 
was calculated for each old monkey’s data between 
probabilities of 0.70 and 0.06 and for each young monkey’s 
data between probabilities of 0.60 and 0.06. A lower cutofi of 
0.06 was used because of the unreliability of points below 
this value. Since the slope of the best fitting straight line is 
—A, and the mean of the exponential distribution is 1/A, the 
mean could then be easily calculated. 

After the mean of the exponential long latency was ob- 
tained, the total pause duration was partitioned into two 
components: one component consisting of tue exponential 
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FIG. 4. (Top) Histograms showing mean pause durations between 
bursts for young (Y) and aged (A) monkeys. Clear areas represent 
the portion of the durations attributable to a long exponential com- 
ponent. (Bottom) Histograms showing mean number of licks per 
burst. Clear areas again represent portions attributable to a long 
exponential component. 


long latency and the other component a residual assumed to 
consist of one or more additional process with unknown rate 
parameters. The histograms at the top of Fig. 4 show total 
pause durations as a function of age and surcrose concentra- 
tion broken down into the two components. Total pause du- 
rations were longest for the young monkeys, F(1,17)=18.90, 
p=0.0034, and for the lower sucrose concentrations, 
F(1,14)=7.95, p=0.0049. The exponential long latency com- 
ponent decreased as sucrose concentration increased, 
F(2,14)=14.78, p=0.0004, but was virtually identical for 
young and aged monkeys. Conversely, the residual compo- 
nent was longest in the young monkeys, F(1,7)=11.64, 
p=0.0113, but varied little with sucrose concentration. Thus, 
the effects of sucrose concentration changes on total pause 
duration were expressed almost entirely in the exponential 
long latency component whereas the effects of aging were 
expressed almost entirely in the residual component. 
Changes in the exponential long latency and residual 
components can be related back to the shapes of the pause 
duration distributions depicted in Fig. 2. The decreased re- 
sidual and unchanged long latency components shown by the 
aged monkeys implies that their pause duration distributions 
will be determined more by the exponential long latency 
process than will the distributions of the young monkeys. 
Since the exponential distribution is maximally skewed, the 
pause duration distributions of the aged monkeys should be 
more skewed than those of the young monkeys. In other 
words, the increased skewness in the aged monkey distribu- 
tions is a direct manifestation of the decreased size of the 
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FIG. 5. Logarithmic plots of proportion of bursts comprised of more 
than n licks for young and aged monkeys drinking 0.1 M, 0.3 M and 
1.0 M sucrose solutions. 


residual component with the consequent increase in the in- 
fluence of the long latency component. This increased skew- 
ness is clearly seen in Fig. 2. 

Conversely, the decreased magnitude of the long latency 


component with an unchanged residual component that oc- 
curred when sucrose concentration increased implies that 
the pause duration distributions for high concentrations 
should be less skewed, more symmetrical, than those for low 
concentrations. This will occur, since the residual compo- 
nent, being a composite of multiple exponential process, will 
have a more symmetrical distribution than the long latency 
component. Thus, the increased symmeiry of the high mo- 
larity pause duration distribution is a direct manifestation of 
a decreased long latency component with a corresponding 
increase in the influence of the residual component. 

A similar analysis of distributions was applied to the other 
portion of the monkeys’ macrobehavioral regulation of 
drinking, number of licks per burst. Figure 5 shows the 
logarithmic plots of the proportion of bursts with length 
greater than n licks. The curves contain extended linear 
terminal sections thus allowing calculation of a long expo- 
nential component as before. Each monkey’s slope was cal- 
culated for proportions between 0.50 and 0.06. Histograms 
on the bottom of Fig. 4 show the mean licks per burst broken 
down into long exponential and residual components. Mean 
licks per burst did not differ significantly between young and 
aged monkeys, but did increase with sucrose concentration, 
F(2,14)=8.59, p=0.0037. The long exponential component 
did not vary significantly with age or sucrose concentration. 
The residual component however increased with sucrose 
concentration, F(2,14)=7.49, p=0.0069. Thus, the burst 
length analysis yielded a result qualitatively different from 
the pause duration analysis. The lengthening of burst length 
with sucrose concentration increases was attributable to in- 
creases in the residual process, not the long exponential 
process. This result indicates that once conditions were suf- 
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ficient to evoke sustained licking, an exponential process 
with a mean of about 22 licks was elicited. As sucrose con- 
centration was varied, accompanying changes in burst length 
affected the residual processes leaving the exponential proc- 
ess with its mean of 22 licks relatively intact. 


DISCUSSION 


Analysis of a diverse set of licking related measures in 
this study indicates that the mechanism controlling licking 
responses is highly robust and imperturabable in terms of 
rate and efficiency measures and that it does not deteriorate 
seriously with age. Mean lick rates as well as tongue-on and 
tongue-off times were similar in young and aged monkeys. In 
fact the monkey with the highest within burst lick rate was an 
aged male (5.14 licks/sec). Several measures of licking effi- 
ciency such as liquid ingested per lick or per second of burst 
activity likewise were independent of age. However, the 
within monkey standard deviation of tongue-on times was 
greatest in aged monkeys, suggesting a partial loss of timing 
control of the tongue muscles during licking. Pacing the 
components of the licking response is probably a respondent 
[17,18] synchronous with and directly controlled by ac- 
tivity in hypoglossal nucleus [32]. Control of the variability 
of licking probably increases during early development. 
Pierson and Schaeffer [24] observed greater within animal 
variability of lick rates in immature gerbils than in adults, 
although the mean lick rates of the two groups were com- 
parable. Thus, ability to maintain constancy in the mi- 
crobehavioral parameters of licking may be more sensitive to 
age effects than overall lick rate at either end of the devel- 
opmental continuum. 

As sucrose concentration increased from 0.1 to 1.0 M, all 
of several measures of consummatory activity increased. 
This result is consistent with other data showning monotoni- 
cally increasing preferences by squirrel monkeys for sucrose 
concentrations in this range [10]. All of the increased con- 
sumption was attributable to macrobehavioral changes, 
namely changes in pause deviations, burst lengths, and 
number of bursts. The increase in sucrose concentration 
from 0.1 to 1.0 M occasioned a 50% increase in mean burst 
length and 61% increase in number of bursts. Thus, once a 
licking burst starts, the individual responses are predictable. 
The variable parts are when the burst is started and once 
started how many licks are emitted. 

We detected no significant changes in tongue-on and 
tongue-off times or in lick rate related to sucrose concentra- 
tion. Small, but statistically significant changes in three mi- 
crobehavioral components related to sucrose concentration 
have been observed in rodents [6,8], but this finding is by no 
means universal [7, 9, 29]. 

A small, significant decrease in lick rate of about 0.3 licks/ 
sec occurred over the first three bursts of test sessions with 
no further decrease during the 15 min sessions. An initial 
decrease in lick rate is similarly observed in licking of rats [8, 
11, 29]. The mean lick rate of the squirrel monkeys was 4.4 
licks/sec, a rate slightly below the midpoint of lick rates re- 
ported in rats ranging from 3.5 to 6.5 licks/sec [12,15] and 
roughly comparable to rates for gerbils (5.6 licks/sec [24)), 
cats (3.7 licks/sec [27]), hamsters (4.6 licks/sec [23]), and 
rabbits (5.3 licks/sec [26]). These findings clearly provide no 
evidence of a simple relationship between lick rate and body 
or tongue size. 

We have assumed that components of pause durations 
and burst lengths derived from the linear terminal sections of 
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the semi-logarithmic plots shown in Figs. 3 and 5 reflect a 
long latency process separate from that determining the re- 
sidual or short latency components. However, the existence 
of linear terminal sections is not, by itself, unequivocal evi- 
dence that one component latency is markedly larger than 
the rest. Gamma distributions will generally produce linear 
terminal sections when plotted as semi-logarithmic cumula- 
tive functions no matter what the values of the constituent 
rate constants. The evidence supporting the existence of a 
single long latency process for pause durations is the dis- 
sociation of age and molarity effects upon the slope of the 
linear terminal sections and the residual component. In other 
words, age affected the residual but not the long latency 
component of pause durations while molarity exerted the 
opposite effect. Similarly, molarity affected the residual but 
not the long component of burst length. This dissociation 
could occur only if one or more rate parameters (A;) were 
considerably smaller than the remaining parameter or pa- 
rameters, and if a variable affected the small parameters or 
the large ones but not both. One or more of the smaller 
constants would largely determine the linear terminal section 
and the estimated A, would be an average of the component A 
values. We cannot determine with certainty how many small 
rate parameters and how many large rate parameters exist. 
However, we can conclude that the small ones are affected 
by different variables than the large ones. 

Durations of one component were exponentially distrib- 
uted with a mean that decreased sharply as sucrose concen- 
tration increased, but was independent of the subjects’ ages. 
An obvious and enticing possibility suggested by this result 
is that this exponentially distributed component of total 
pause duration is sensitive to the hedonic properties of a 
solution but is independent of overall locomotion and explo- 
ration behaviors that vary with age, and undoubtedly, sev- 
eral other variables. 

The portion of the pause durations remaining after sub- 
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traction of the long exponential component was interpreted 
as a residual component. This residual component was 
longer in young than in aged monkeys but was independent 
of sucrose concentration. Since the young monkeys’ distri- 
butions of total pause durations were considerably less 
skewed and closer to normality than those of the aged mon- 
keys, a likely possibility is that more independent behavioral 
processes occurred during the between burst pauses of the 
young monkeys. The increased normality of the pause dura- 
tion distributions would then simply be a consequence of the 
Central Limit Theorem [21]. In other words, the large re- 
sidual component of the young monkeys’ pause durations 
may be a result of these animals displaying more independ- 
ent, probabilistically determined behavior durations during 
their pauses than do the less vigorous and less active aged 
monkeys. This interpretation implies that the young mon- 
keys are more distractible during pauses. 

The distributions of licks per burst contained a residual 
component that varied directly with sucrose concentrations 
but was unaffected by age. The long exponential component 
was not affected by age or sucrose concentration. An inter- 
esting question is whether the long exponential component 
will always remain constant as consumption varies or 
whether there are other classes of variables that will cause it 
to vary. 

The combined results of the pause and burst duration 
analyses indicate that increases in consumption with sucrose 
concentration are most directly mediated through the long 
exponential component of pause durations and through the 
residual component of burst durations. Age effects, perhaps 
reflecting greater locomotor activity and distractibility of 
young monkeys, were mediated through the residual compo- 
nent of pause durations. This use of distributions to identify 
components of macrobehavioral indices of drinking may be 
useful in separating hedonic effects from other determinants 
of drinking. 
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MAMELI, O. AND E. TOLU. Vestibular ampullar modulation of hypoglossal neurons. PHYSIOL BEHAV 37(5) 773- 
775, 1986.—This paper describes preliminary observations on vestibular ampullar involvement in the control mechanism of 
the hypoglossal nucleus activity. Thermic stimulation of the labyrinth, performed by irrigating the external auditory meatus 
with cold water (20°C), significantly modified the spontaneous electrical activity of hypoglossal neurons localized in the 
medio-caudal part of the nucleus. Tonic spontaneous discharge of the units following labyrinthine stimulation was modified 
into a phasic activity and bursts with multi-unit recruitment appeared. This modified activity was observed during 5-6 
minutes after the onset of ear irrigation. Similar response patterns, but with shorter duration, were recorded following 
contralateral stimulation of the labyrinth. These results show that hypoglossal neurons are triggered by the vestibular 


system following dynamic conditions in response to every spatial head displacement. 


Hypoglossal neurons Labyrinth 


IT has been shown that sensory control of the tongue activity 
depends not only upon several signals starting from oral re- 
ceptors but also upon respiratory influences [13]. Inspiration 
triggers the tongue protrusive activity, increasing the elec- 
tromyographic activity of the genioglossus muscle [2, 6, 7, 
11, 18, 21, 22]. During wakefulness, but particularly during 
sleep [11, 12, 18], the phasic inspiratory activity of the 
genioglossus assures the patency of the oropharyngeal air- 
way [3, 20, 23]. It has recently been shown that visual inputs 
contact the hypoglossal nucleus and significantly modify the 
electromyographic activity of the intrinsic and extrinsic 
tongue muscles [14,15]. This observation indicates the 
possibility of a complex and not well known organization of 
the lingual activity sensory control. In addition it has been 
observed that the tonic activity of the genioglossus is mark- 
edly increased in the supine position and subsequently aug- 
mented during cervical flexion [20,21]. This observation and 
experiments showing that electrical stimulz.ion of the 
labyrinth induces an electromyographic response in the 
tongue protrusive muscles [9] indicated the possibility of 
vestibular influence on tongue activity. Recently it has been 
shown that electrical stimulation of the labyrinth induces 
field potentials and responses of single hypoglossal units lo- 
calized in the medio-caudal part of the XIIth nucleus [16,17]. 
To determine the kind of vestibular information which 
impinges upon the hypoglossal neurons, an analysis was 
made of the behavior of the spontaneous hypoglossal neuron 
activity following caloric stimulation of the labyrinth. This 
classic procedure induces the uprising of endolymphatic cur- 
rents which mechanically stimulate the ampullar receptors 
allowing the unilateral stimulation of the vestibular system 
[10]. The hypoglossal behavior in response to both ipsi- and 
contralateral vestibular stimulation was analyzed. 


Vestibular ampullar modulation 


Rabbits 


Thermic stimulation 


METHOD 


Ten rabbits were anaesthetized with 50 mg/Kg of 
alpha-D-(+)gluco-chloralose plus 400 mg/kg of urethane. 
The animals were tracheotomized and fixed to a frame with 
the aural plane in horizontal position. After a craniectomy 
and laminectomy at occipital and C,-C, levels, respectively, 
the cerebellum and obex were exposed and protected with 
warm mineral oil and paraffin (37°C). The hypoglossal nerve 
was exposed at mandibular angle level, protected with warm 
mineral oil and paraffin (37°C), mounted on bipolar Ag 
electrodes and connected to an insulated stimulator for 
antidromic identification of the hypoglossal neurons. Ther- 
mic stimulation of the labyrinth was performed for 5 seconds 
by irrigating the external auditory meatus with 10 cc of cold 
water (20°C) [10]. Thermic stimulation duration and water 
quantity was less than in human procedures since the pa- 
rameters employed in the present experiment produced 
massive and lasting eye nystagmus with the rapid phase di- 
rected contralaterally to the stimulation. When eye nystag- 
mus was obtained, in response to left and right external ear 
irrigation, the animal was paralyzed with Fazadon (1,1*- 
azo - bis[3 - methy] - 2 - phenyl - 1H - imidazo - (1 - 2alpha)py - 
ridinium]dibromide) and artificially ventilated. The spon- 
taneous electrical activity of the hypoglossal units was re- 
corded by tungsten microelectrodes (700-900 kohm) 
coupled, through a cathode follower, with a conventional 
preamplifier and with an oscilloscope for photography. Re- 
cordings were performed before (basal conditions) and dur- 
ing caloric stimulation of the ipsilateral and contralateral 
labyrinth. Stimulation of the contralateral side was per- 
formed 15 minutes after that of the ipsilateral one, according 
to the clinical practice [10]. At the end of the experiment an 
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FIG. 1. Spontaneous electrical activity of one hypoglossal neuron, localized in the 
medio-caudal part of the XIIth nucleus, recorded in basal conditions (A and C) and | 
min following the end of caloric stimulation of the ipsilateral (B) and contralateral (D) 
labyrinth. The burst activity of the hypoglossal unit gradually decreased and stopped 
5.4 min after ipsilateral stimulation and 2.3 min after contralateral stimulation. Only 
duration of outburst activity differentiated the ipsilateral and contralateral hypoglos- 
sal response. Horizontal calibration: 0.5 sec; Vertical calibration: 250 nV. 


electrolytic lesion marked the recording spot for subsequent 
histological localization, and the animals were killed with a 
barbiturate overdose. 
RESULTS 

In all rabbits, anaesthetized but not yet paralyzed, the 
irrigation of the external auditory meatus with cold water was 
immediately followed by horizontal eye nystagmus with the 
quick phase towards the opposite side. In the same animals, 
paralyzed with Fazadon®, the hypoglossal neurons localized 
in the medio-caudal part of the XIIth nucleus, were identified 
by collision test and latency of antidromic responses was 
0.75 to 1.1 msec. The spontaneous firing rate of the hypo- 
glossal neurons was significantly modified following caloric 
stimulation of the labyrinths (p<0.01, Student's ¢-test for 
paired observations). Tonic spontaneous discharge of the 
neurons was modified into a phasic activity, and bursts with 
multi-unit recruitment of new previously silent units were 
recorded 0.65—0.85 sec after the onset of the thermic stimu- 
lation of the labyrinth. The outbursts lasted from 2.6 to 3.6 
msec and one silent period (1-1.5 msec duration) regularly 
interrupted two contiguous outbursts. Ipsilateral stimulation 
of the labyrinth evoked the uprising of burst-activity lasting 
up to 5-6 min. Contralateral stimulation of the labyrinth elic- 
ited a similar pattern of response, with the same latency, the 
only difference was a shorter duration of the outburst activ- 
ity (about 2-3 minutes) after the onset of stimulation. 


Figure | (A—D) shows the typical behavior of the hypo- 
glossal units | min after ipsi- (B) and contralateral (D) stimu- 
lation of the labyrinth. 


DISCUSSION 


The data indicate the vestibular involvement in the con- 
trol mechanism of the hypoglossal activity and the impinge- 
ment of ampullar information upon the hypoglossal units. 

The neurons of the lateral and medial reticular nuclei 
which receive information from lateral, superior and de- 
scending vestibular nuclei [5] respond to caloric stimulation 
of the labyrinth [19] and, as shown by anatomical evidence, 
project to the XIIth nucleus [1, 4, 8]. Thus, a vestibulo- 
reticulo-hypoglossal pathway can be postulated. These re- 
sults suggest that hypoglossal neurons are triggered by the 
vestibular system following dynamic conditions. Therefore 
every spatial head displacement operates a consequent ad- 
justment of the hypoglossal activity, in order to assure a 
steady correction of the tongue axis. In this manner, not only 
visual [14,15] but also vestibular signals could supply spatial 
information to hypoglossal neurons. 
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KORHONEN, H. AND M. HARRI. Seasonal changes in energy economy of farmed polecat as evaluated by body weight, 
food intake and behavioural strategy. PHYSIOL BEHAV 37(5) 777-783, 1986.—An analysis of seasonal changes in energy 
budget of the farmed polecat (Mustela putorius) was performed in subarctic climate. Cyclical variations were found in the 
body weight of male polecats from maximum values in February (2.1 kg) to minimum values in June-July (1.5 kg). There 
were only minor seasonal changes in the body weight of females. There was a direct relationship between body weight and 
voluntary energy intake on one hand (r=0.89) and an inverse relationship between body weight and locomotor activity 
(r=—0.88) on the other hand. Energy intake was significantly (p<0.05) higher during winter (224 kcal/animal/day) than 
during summer (142 kcal/animal/day). Total time spent outside the nest was at its maximum during the winter months (60 
min/day). The results suggest that in male polecats, changes in absolute food intake induce seasonal changes in body 
weight. Seasonal changes in locomotor activity seem to be less important in energy balance regulation. The fact that the 
body weight of females showed only minor seasonal variation supports the role of sexual hormones in the control of the 


body weight. 


Energy economy Food intake 


Behavioural pattern 


Daily activity Polecat Energy balance regulation 





THE polecat (Mustela putorius) has an elongated body 
shape, short legs and pronounced sexual dimorphism [15]. It, 
like many other mustelid species, pays a high energetic cost 
for being long and thin because it has to sustain higher rates 
of basal metabolism than other mammals of the same body 
weight due to its higher surface-to-mass ratio [4]. Further- 
more, the polecat has short hair and a thin coat with low 
insulative value [5], and the seasonal change of its hair coat 
produces little or no energetic advantage [4]. The polecat has 
sacrificed thermoregulatory efficiency for a predatory ad- 
vantage, a characteristic typical for many other members of 
its family [11,15]. That its range, however, extends to arctic 
and subarctic areas, where winter temperatures may be as 
low as —30 -—40°C, indicates that polecat has adapted to 
cold climate and seasonal temperature and food abundance 
fluctuations. These adaptive mechanisms, however, have 
been poorly documented. 

This study was performed with polecats maintained out- 
doors in wire mesh enclosures in order to permit detailed and 
accurate measurements of the seasonal changes in energy 
balance. For this purpose, feed intake, body weight, locomo- 
tor activity and behavioural patterns of both sexes were 
monitored for two consecutive years. Seasonal changes in 
energy economy under farm conditions are not necessarily 
the same as those in nature, but captive conditions provide 
better facilities for energy balance and behavioural studies 


than do attempts to follow the animals in the wild. Labora- 
tory measurements, in addition, have revealed that energetic 
demands and thermoregulatory characteristics of polecats 
resemble those of the American mink (Mustela vison), a 
similar-sized mustelid, whose energy balance regulation in 
captivity (6-8, 26] and in the wild [10,19] is better docu- 
mented. Thus, comparative aspects between these species 
are also presented in this paper. 


METHOD 
Animals and General Procedures 


This study was carried out on the research farm of Kuopio 
University, in eastern Finland (27°35'E, 62°53’N) during 
1983-1984. The animals were exposed to out-of-doors con- 
ditions of normal subarctic climate during both years. Aver- 
age light and temperature conditions are presented in Fig. 1. 
Adult polecats (1983: 3 males, 3 females; 1984: 6 males, 6 
females) were used. They all originated from farm-born and 
farm-bred animals housed in a commercial fur farm. The 
animals were caged in wire mesh enclosures measuring 
120x60x40 cm (length <x width x height). Cylindrical 
styrofoam-covered plastic nests (Norcar Ltd., Vaasa, Fin- 
land) with an inner diameter of 20 cm and a height of 32 cm 
were connected to the cages [17]. Dry oat straw and hay 
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FIG. 1. Annual cycles in photoperiod and temperature. Values represent mean of each month. 
L=hours of light per day, T=average monthly temperature. 
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FIG. 2. Live weight curves of polecats during two consecutive years. Values are ex- 
pressed as mean+SD. Number of animals are given in parentheses. 


were offered to the animals to be used as a bedding material 
inside the nest boxes. The roofs of the nests consist of wire 
mesh net. The animals were inspected daily, and they re- 
mained healthy throughout the study. 


Feeding Regimens and Energy Balance Measurements 


The animals were fed twice a day: at 0800 hr and 1600 hr. 
The uneaten feed was replaced with fresh. Ready-mixed 
mink feed and water/snow were available ad lib by conven- 
tional farm procedures. The feed was composed mainly of 
slaughter-house offals, fish and cereals (Table 1). Its chemi- 
cal composition was analyzed by standard procedures [14] 


(Table 2). A series of energy balance measurements, each of 
which lasted for four days was conducted at intervals of 
about 3 weeks. The data points in Fig. 3 coincide with the 
timing of these balance periods according to which the en- 
ergy intake was calculated. Each animal received a weighed 
quantity (in excess of what it would consume) of feed. The 
weight of the uneaten feed was subtracted from the original 
feed weight to calculate intake. Metabolizability of the feed 
mixture used is based on the results of Juokslahti [14]. Body 
weight (+10 g) changes of both sexes were followed for two 


years. The data points in Fig. 2 coincide with the time 
weights were measured. 
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TABLE 1 
DIETARY COMPOSITION OF THE BASAL FRESH FEED 


TABLE 2 
CHEMICAL COMPOSITION OF THE FEED 





Ingredient Amount 


(%) 





Slaughter-house offals 20.0 
Slaughter blood 2.0 
Cod filleting offals 23.0 
Whole fish 22.0 
Fish meal 2.0 
Meat meal 2.0 
Wheat meal, extruder boiled 10.0 
Brewer's yeast 0.5 
Vitamin mixture* 1.5 
Water 14.0 


Total 100.0 





*Contained (per kg) vitamin A, 500,000 IU; vitamin Ds, 150,000 IU; 

ascorbic acid, 5,000 mg; vitamin E, 2,000 mg; vitamin K, 10 mg; 
thiamine hydrochloride, 400 mg; riboflavin, 300 mg; pyridoxine 
hydrochloride, 120 mg; vitamine Bi2, 1 mg; cholin, 1,700 mg; 
pantothenic acid, 500 mg; niacin, 1,400 mg; folic acid, 50 mg; biotin, 
3 mg. 


Behavioural Observations 


Three couples were randomly chosen for observations of 
daily locomotor activity patterns. An observation period 
started at 0800 hr and lasted for 24 hours. Direct observa- 
tions were done by two persons each time through the lab- 
oratory window situated about 2 m from the animal cages. 
The animals were not disturbed and they were not aware of 
their behavioural observations. Time spent outside and in- 
side the nest, and the most common behavioural patterns 
were recorded. 


Statistics 


The results are expressed as the mean+SD. Analysis of 
variance (ANOVA) was employed for the statistical treat- 
ment of the data. The data were processed by the VAX 
11/780 computer and SPSS (Statistical Package for Social 
Sciences) program 


RESULTS 
Body Weight Changes 


Weight curves for males and females are presented in Fig. 
2. Body weight of males varied in both years from maximum 
values in February (about 2.1 kg) to minimum values in 
June-July (about 1.5 kg). The difference between the highest 
and lowest values in males averaged 600 g or approximately 
30% (p<0.001). Statistically significant (p><0.001) body weight 
loss was observed at breeding time in March-April. Body 
weight gain in autumn occurred more slowly. The weight 
curves of the females did not reveal such a wide and sys- 
tematic variation as that of the males. During 1983, body 
weights remained rather steady throughout the year. During 
the next year, however, minor seasonal changes were ob- 
served. The difference between highest and lowest body 
weight averaged 200 g (p<0.05). Female body weight had 
changed in 1984 seasonally about 20%. In contrast to males, 
no drop in body weight was evident for females during 
spring. 


Ingredient 





Dry matter (%) 

Ash (%) 

Crude protein (%) 

Crude fat (%) 

Carbohydrate (%) 

Gross Energy (MJ/kg) 
Metabolizable Energy (MJ/kg) 
Protein % of ME 

Fat % of ME 

Carbohydrate % of ME 





Voluntary Feed Intake and Energy Requirements 


Energy intake of the animals is presented in Fig. 3. Aver- 
age daily energy intake was significantly greater (p<0.05) 
during winter than during summer. However, when ex- 
pressed in terms of metabolic body size (kg®”), seasonal 
variation practically disappeared. During the mating season 
(March), feed consumption significantly decreased (p<0.05); 
during moulting (April-June), on the other hand, there was 
no detectable change in energy intake. The average energy 
intakes during winter (December—February) and summer 
(June-August) periods were 224 and 142 kcal/animal/day, re- 
spectively. 

Energy demands for adult polecat, as determined from 
oxygen consumption [16] and feed intake data, are given in 
Table 3. A comparison revealed that in the summer, the daily 
energy intake exceeded the mainenance requirements by 40 
kcal/kg®-”®. During the coldest part of the winter, with a nest 
temperature of approximately O°C, animals consumed 
somewhat more than was estimated for their maintenance 
requirements [16]. Without the thermal protection of the 
nest, the measured energy intake could not have been suffi- 
cient to meet the polecats’ thermoregulatory demands. In 
summer the high ambient air temperature (T,,) permits main- 
tenance of homeothermy with lower energy expenditure. 

Assuming that the weight gain of the male polecat in 
autumn consists entirely of fat and that the energy cost of 
depositing | g fat is 13.2 kcal/g [29], then the excess of energy 
intake in autumn in comparison to June is all used for fat 
deposition (Table 4). If the weight gain consists of lean tis- 
sue, the conclusion is almost the same because the energy 
cost of protein deposition is about the same as the energy 
cost of fat deposition [29]. This calculation, although rough, 
indicates that in autumn energy savings resulting from re- 
duced locomotion is less important for the weight gain than is 
the increased energy intake. Furthermore, the weight loss (if 
the entire weight loss consists of fat) in spring can also be 
accounted for by a loss of appetite. The increase in energy 
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FIG. 3. Energy intake of polecats (N=6) during the year. Values are given as mean+SD. 


TABLE 3 


MEASURED ENERGY REQUIREMENTS AND VOLUNTARY ENERGY INTAKE OF MALE POLECATS AT 
DIFFERENT THERMAL CONDITIONS 





Energy Require- 
ments* 
(kcal/kg®’’5/day) 


Thermal Conditions Energy Intake 


(kcal/kg®’’5/day) 


Difference 
(kcal/kg®’75/day) 





Summer, + 15°C 120 160 +40 
Winter, 0°C (inside nest) 170 180 +10 


Winter, — 15°C (without nest) 250 180 —70 





*Data source [16]. 


expenditure due to increased locomotion is also of great im- 
portance. Actually in spring, the calculated increase in the 
energy cost of locomotion and decrease in energy intake 
should have caused even a more rapid body weight loss than 
that observed. 


Locomotor Activity and its Relation to Energy Balance 
Regulation 


There was a pronounced seasonal variation in the amount 
of daily activity (Fig. 4). During the winter period, the 
polecats spent most of a 24 hr period inside the nest. During 
this time they only moved occasionally outside the nest at 
intervals of about 3 hours to feed or to defecate, and no 
marked long-term activity periods were observed. Total time 
spent outside the nest was least during the winter months, 
about 60 min/day. By the end of February the active time 
outside the nest had increased. During the summer months, 
the animals were active, and towards the autumn their active 
time gradually decreased. No sex differences were noted. In 
all seasons the activity pattern was irregularly distributed 
throughout the day, and no clear circadian activity rhythms 
were evident. During winter, however, activity peaks were 
often confined to the time of feeding. 

There was a direct relationship between food intake and 


body weight and an inverse relationship between activity and 
body weight. Food intake and activity varied inversely dur- 
ing the year (Fig. 5). 


DISCUSSION 


The overall degree of feeding varies inversely with the 
amount of adipose tissue in body. This heips to maintain 
constant stores of nutrients, or, more generally speaking, a 
constant body weight. On the other hand, in many species 
living in nature, body weight is not stable but displays reg- 
ular circannual oscillations. In large northern mammals, 
such as reindeer, body weight oscillates between maximum 
and minimum levels in autumn and spring, respectively 
[24,25]. In many small rodents and shrews, on the other 
hand, body weight drops with decreasing day length and then 
remains constant over the winter [9, 13, 18]. Furthermore, 
for hibernating marmots masses were lowest in the late 
autumn and winter and the highest in late spring and summer 
[27]. The elongated mustelid species—at least the male mink 
[7,8], the ferret [12], and now the male polecat—show a sea- 
sonal cycle in body weight that is different from the three 
mentioned above. In these species the body weight is highest 
during the coldest part of the winter. It then gradually de- 
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TABLE 4 


ENERGY COSTS OF LOCOMOTION AND FAT DEPOSITION OR LOSS, 
AND VOLUNTARY FEED INTAKE OF MALE POLECATS DURING 
THE PERIODS OF INCREASING AND DECREASING BODY WEIGHTS 





Energy Costs 


Fat Deposition* 
Locomotion or Loss Energy Intake 
(kcal/animal/day) (kcal/animal/day) 





Body weight gain 
Jun 
Oct-Nov 


Body weight loss 
Feb 
Mar-Apr 


—51 67 





*Conversion factor of 13.2 kcal/g was used for calculation of 
energy costs of fat deposition.[29]. 

Energy cost of locomotion in June, with constant body weight, is 
the difference between the voluntary intake and calculated energy 
requirement of the animal at that time (Table 3). In other periods the 
energy cost of locomotion is proportional to the time the animals 
spent outside the nest assuming that the energy expenditure of each 
time unit is always the same. 
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FIG. 4. Seasonal changes in daily activity of polecats. Values are expressed as mean+SD. 
Number of animals are given in parentheses. 
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FIG. 5. Correlation between daily activity (@) and energy intake (O), respectively, and body weight in 
male polecats (N=6). Body weight represents changes from minimum values in June-July to maximum 


one in February. 


creases towards spring, and remains low throughout the 
summer. In autumn, the gradual increase in body mass is a 
very slow process. 

In wild animals, changes in body mass can be related to 
availability of food: with abundant food supply the body 
weight increases while food shortage leads to body weight 
reduction. In captive animals with free access to food, food 
availability cannot account for the seasonal body weight var- 
iation observed. However, it is difficult to conclude whether 
or not changes in body mass is a controlled process or a 
failure to compensate energy intake for energy expenditure 
in different situations of the year to such an extent that con- 
stant body weight is not maintained. 

The present results show that the male polecats decreased 
their locomotor activity in autumn, thus decreasing their en- 
ergy expenditure. Nevertheless, they did not decrease their 
food intake but instead increased it. Although both processes 
tend to increase the body weight, it was estimated that quan- 
titatively, the increased food intake is much more important 
than the energy saving of reduced locomotion. Decreased 
locomotor activity also decreased the time the animals spend 
outside the nest. This further decreases the requirements of 
energy for heat production, the energy saving of which can 
be of great importance in typical winter/autumn weather. 
The lower critical temperature for an unprotected polecat, 
below which the animal must increase its heat production in 
order to maintain homeothermy, is about +24°C [16]. This 
means that an ambient temperature of —5°C already doubles 
the animal’s requirements of energy. The nest with its bed- 
ding provides thermal insulation to such an extent that it 
shifts the lower critical temperature of the polecat to as low 
as —41°C [17], provided that the animals stay inside. That is 
exactly what they do in winter. 

In the spring, on the other hand, the male polecats in- 
creased their locomotor activity, decreased their time inside 
the nest and reduced their feed intake. All these behavioural 
changes contributed to one and the same result: a rapid 
weight loss. Here again loss of appetite seemed to be quan- 
titatively the main factor responsible for the weight loss. The 


increase in locomotor activity during spring seems to be 
associated with mating rather than with cold, because during 
the coldest part of the winter the activity was at a minimum. 
This kind of rapid weight loss during the reproductive season 
has been observed for the ferret [12] and male mink [7,8]. In 
the latter species, a decreased food intake during this time 
has also been reported [7,8]. It seems obvious that the ob- 
served large seasonal variation in body weight of the male 
polecat is a controlled process, in which all the means in 
autumn are aimed at fattening while the opposite holds true 
in the spring season. This is supported also by the finding 
that no seasonal body weight variation was found for the 
females although they were exposed to the same environ- 
mental conditions as the males and fed the same feed. The 
ecological importance of fattening in autumn is obvious. It 
has also been observed for the mink [7,8] and ferret [12]. The 
energy reserves thus obtained are used during the winter. In 
addition, energy reserves in the form of subcutaneous fat 
offer additional thermal insulation. However, it is difficult to 
understand why female polecats did not gather such reserves 
in autumn. 

The exact mechanism controlling seasonal body weight 
changes in mustelids has not been investigated, but it un- 
doubtedly is coupled to photoperiods and temperature. The 
importance of photoperiodism as a zeitgeber has been 
demonstrated in many mammals [6-8, 12, 13, 18, 27]. In 
these studies day length seems to be more important than 
temperature as the zeitgeber. The role of hormones in the 
control of appetite has been studied in many mammalian 
species [21, 24, 25] including the mink [3,23] and other mus- 
telid species [2, 20, 23]. These works support the conclusion 
that metabolism of prolactin [1,13] and thyroid hormones 
(21, 24, 25], pituitary hormones [2, 22, 23] and melatonin [1] 
are changed seasonally. Although these hormone changes 
correlate rather well with seasonal changes in energy intake 
and body weight, their role in the control of energy economy 
is still unclear. The fact that seasonal changes were different 
for female and male polecats support the role of sexual hor- 
mones in the control of body weight [28]. 
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McCARTY, R., R. F. KIRBY AND R. M. CAREY. Effects of dietary sodium on dopamine content of rat adrenal cortex. 
PHYSIOL BEHAV 37(5) 785-789, 1986.—Dopamine occurs in the adrenal cortex and appears to provide maximum tonic 
inhibition of aldosterone secretion. In the present experiments, the effects of high or low sodium (Na*) intake on concen- 
trations of dopamine in the adrenal cortex of adult male Sprague-Dawley rats were examined. In the first experiment, 
sham-operated and adrenal demedullated rats were provided with 1.5% NaCl or tap water for drinking for 5 days. In the 
second experiment, sham-operated and adrenal demedullated rats were fed regular laboratory chow (approximately 0.45% 
NaCl) or low Na* chow (0.001-0.005% NaCl) for 5 days. High Na* intake was attended by dramatic increases in fluid 
consumption, urine production and Na* excretion. However, high Na* intake did not affect levels of dopamine, norepi- 
nephrine or epinephrine in the adrenal glands. Approximately 45% of adrenal dopamine but less than 4% of either norepi- 
nephrine or epinephrine was localized in the adrenal cortex. In the second experiment, animals fed a diet low in Na* had a 
significant reduction in Na* excretion but levels of adrenal catecholamines were unaffected. Approximately 36% of adrenal 
dopamine but less than 5% of either norepinephrine or epinephrine was localized in the adrenal cortex. These findings 
suggest that adrenal cortical dopamine concentrations remain relatively constant in spite of presumed differences in 


turnover rates of this neurohormone. 
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THE results of several clinical studies suggest a role for 
peripheral dopamine in the regulation of aldosterone secre- 
tion from the adrenal zona glomerulosa. Initially, Edwards 
and co-workers [13] demonstrated that the dopamine recep- 
tor agonist, bromocriptine, inhibited the increase in plasma 
aldosterone following administration of furosemide to hu- 
mans. In subsequent studies, administration of the dopamine 
receptor antagonists, metoclopramide or sulpiride, was 
attended by increases in plasma aldosterone that were inde- 
pendent of known regulating factors [5, 6, 9, 12, 14, 21, 23, 
27, 30). 

Other studies have shown that sodium depletion may 
interact with dopamine in regulating aldosterone secretion. 
In sodium replete humans, basal plasma levels of aldos- 
terone and the aldosterone response to angiotensin II infu- 
sion were unaffected by administration of dopamine or its 
precursor, L-dopa [7,29]. However, in sodium deplete sub- 
jects, dopamine infusion decreased basal plasma aldosterone 
and blunted the angiotensin II-induced increase in plasma 
aldosterone [11]. Taken together, these findings indicate that 
aldosterone secretion is under maximum tonic inhibition by 
dopamine in sodium replete subjects. With sodium deple- 
tion, there appears to be a decrease in endogenous 
dopaminergic activity such that exogenous dopamine 
agonists produce a decrease in angiotensin II-induced in- 
creases in plasma aldosterone [8]. 





Recently, we have examined the regulation of dopamine 
content in the adrenal cortex of laboratory rats. We found 
significant amounts of dopamine in the adrenal cortex (up to 
1.3 wg/pair) that represented 25—40% of the total gland con- 
tent of this catecholamine [19]. In the adrenal cortex, 
dopamine levels are unaffected by splanchnectomy, chronic 
guanethidine treatment or inhibition of tyrosine hydroxylase 
[16,19]. We and others have suggested that adrenal cortical 
cells take up free or conjugated dopamine from extra adrenal 
cortical sites. Another possibility is that adrenal cortical cells 
take up L-dopa from blood, with subsequent decarboxyla- 
tion to form dopamine. 

To extend these findings, the present experiments exam- 
ined the effects of dietary sodium on concentrations of 
dopamine in the adrenal cortex of laboratory rats. We report 
that dopamine levels in the adrenal cortex remain constant 
under conditions of high or low sodium intake. 


METHOD 


Sham-operated and adrenal demedullated (ADM) adult 
male Sprague-Dawley rats were purchased from Zivic-Miller 
Laboratories, Allison Park, PA. All surgery was performed 
by the supplier on the day prior to shipment. Using a dorsal 
approach, adrenal demedullation was accomplished by mak- 
ing an incision through the cortical tissue and applying slight 
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TABLE | 


BODY WEIGHTS (g) AND PAIRED ADRENAL WEIGHTS (mg) OF 
SHAM-OPERATED AND ADRENAL DEMEDULLATED (ADM) RATS 
AFTER 5 DAYS ON TAP WATER OR 1.5% NaCl 
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TABLE 2 


BODY WEIGHTS (g) AND PAIRED ADRENAL WEIGHTS (mg) OF 
SHAM-OPERATED AND ADRENAL DEMEDULLATED (ADM) RATS 
AFTER 5 DAYS ON A REGULAR DIET OR A LOW SODIUM DIET 





Body Weight Adrenal Weight 





Body Weight Adrenal Weight 





SHAM 
Tap water 33 4 
1.5% NaCl 321+ 4 
ADM 
Tap water 318 + 7 aa + 05° 
1.5% NaCl 326 + 9 34.4 + 4.0* 


58.9 + 4.8 
54.6 + 5.3 


SHAM 
Regular diet 
Low sodium diet 
ADM 
Regular diet 
Low sodium diet 288 


+ 26.4 


27.1 





Values are means + SEM for groups of 8-9 animals. 
*p<0.01 compared to corresponding SHAM group. 
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FIG. 1. Effects of salt loading on adrenal concentrations of 
dopamine (DA), norepinephrine (NE) and epinephrine (EPI) in 
sham-operated (SHAM) and adrenal demedullated (ADM) rats. 
Control rats were maintained on tap water while salt-loaded rats 
received 1.5% NaCl for 5 days prior to sacrifice. Values are means 
for groups of 8-9 rats and vertical bars denote 1 SEM. *p<0.05, 


**p<0.001 compared to the appropriate sham-operated control 
(two-tailed t-test). 


pressure to extrude the medulla. For sham-operated rats, the 
adrenals were exposed but left intact. 

In our laboratory, rats were housed in groups of 4 per 
cage in a vivarium maintained on a 12 hour light-12 hour dark 
cycle (lights on at 0700 hours) for at least 2 weeks prior to 
use. Laboratory chow and tap water were provided ad lib 
unless otherwise noted. 


In the first experiment, sham-operated and ADM rats 





Values are means + SEM for groups of 8 animals. 
*p<0.01 compared to SHAM group on a regular diet. 
+p<0.001 compared to corresponding SHAM group. 
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FIG. 2. Effects of a diet low in salt (low Na*) on adrenal concentra- 
tions of dopamine (DA), norepinephrine (NE) and epinephrine (EPI) 
in sham-operated (SHAM) and adrenal demedullated (ADM) rats. 
Controls were fed normal laboratory chow while sodium deplete rats 
received a low salt diet for 5 days prior to sacrifice. Values are 
means for groups of 8 rats and vertical bars denote 1 SEM. *p<0.05, 


**p<0.001 compared to the appropriate sham-operated control 
(two-tailed t-test). 


were weighed and then placed singly into Wahmann sus- 
pended metal cages. Rats in each group were provided with 
either tap water or 1.5% NaCl for 5 consecutive days and 
fluid consumption was measured each day. All rats had ad lib 
access to laboratory chow. After 5 days, rats were weighed 
and sacrificed by decapitation between 1000-1200 hours. 
The paired adrenals were removed rapidly from each animal, 
cleaned of adhering tissue and frozen over dry ice. Later in 
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FIG. 3. Urine output (ml/24 hr) and Na* excretion (mEq/24 hr) of 
rats under control conditions, when provided with 1.5% NaCl or 
when fed a diet low in salt. Values are means for groups of 7-9 rats 
on the fifth day of the various regimens and vertical bars denote | 
SEM. *p<0.01 compared to controls (two-tailed f-test). 


the same day, the paired adrenals were weighed, placed into 
1.0 ml of 0.1 N HCIO, and homogenized for 6 seconds with a 
Brinkman polytron (speed setting 6). Samples were cen- 
trifuged at 24,000 x g for 20 min at 4°C and the supernatant 
was removed and frozen at —70°C until assayed for cate- 
cholamine content as described below. 

In the second experiment, sham-operated and ADM rats 
were weighed and placed into individual Wahmann sus- 
pended cages. Rats in each group were provided with either 
regular laboratory chow or a sodium deficient chow for 5 
consecutive days. All rats had ad lib access to tap water. The 
sodium deficient diet (Teklad TD 81263) contained 0.001- 
0.005% NaCl while the regular laboratory chow contained 
approximately 0.45% NaCl. After 5 days, rats were weighed 
and sacrificed by decapitation between 1030-1300 hours. 
The paired adrenals were removed rapidly from each animal 
and processed as described above. 

To assess the effects of salt loading or salt deprivation on 
urine volume and Na* excretion, a naive group of adult male 
Sprague-Dawley rats was placed into Wahmann metabolism 
cages and maintained for 5 consecutive days on | of 3 regi- 
mens: (1) control—regular laboratory chow and tap water, 
(2) regular laboratory chow and 1.5% NaCl or (3) low sodium 
diet and tap water. During the fifth 24 hour period, urine 
volume was measured and urinary sodium excretion was de- 
termined by flame photometry for each rat. 

Adrenal catecholamine content was determined using a 
radioenzymatic-thin layer chromatographic procedure 
[10,24]. Each assay included periodate oxidized tissue 
blanks and standards of 1 ng each of dopamine, norepineph- 
rine and epinephrine added to pooled supernatant. The sen- 
sitivity of the assay was less than 8 pg for each amine and the 


intra- and interassay coefficients of variation were less than 7%. 


Results are presented as means+SEM and significance of 
differences between groups was determined by Student's 
two-tailed f-test. 


RESULTS 


Body weights of sham-operated and ADM rats main- 
tained on 1.5% NaCl did not differ significantly from their 
corresponding controls provided with tap water. Paired ad- 
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renal weights of ADM rats were reduced significantly com- 
pared to sham-operated rats (p<0.01) (Table 1). 

Sham-operated and ADM rats provided with 1.5% NaCl 
exhibited significantly greater fluid intakes on each of the 
test days compared to their corresponding tap water con- 
trols. Rats provided with 1.5% NaCl averaged 118+8 ml fluid 
intake per day while rats on tap water averaged 55+2 ml fluid 
intake per day (p<0.001). 

The effects of elevated salt intake on adrenal catechola- 
mine concentrations are summarized in Fig. 1. Compared to 
sham-operated controls, ADM rats exhibited 53-57% de- 
creases in adrenal dopamine (p<0.05), 96-97% decreases in 
adrenal norepinephrine (p<0.001) and 98% decreases in ad- 
renal epinephrine (p<0.001). Maintenance on 1.5% NaCl for 
5 days had no effect on catecholamine content of intact or 
demedullated adrenal glands (p >0.50) (Fig. 1). 

In the second experiment, sham rats fed a low salt diet for 
5 days weighed significantly less than controls fed a normal 
diet (p<0.01). In contrast, the body weights of ADM rats fed 
normal or low salt diets were equivalent (p>0.40). The 
paired adrenal weights of ADM rats were significantly less 
than those of sham rats (p<0.001) (Table 2). 

Figure 2 summarizes the effects of a low salt diet on ad- 
renal catecholamine concentrations. Compared to sham- 
operated controls, adrenal demedullation was accompanied 
by 62-65% decreases in adrenal dopamine (p <0.05), 95-96% 
decreases in adrenal norepinephrine (p<0.001), and 99% de- 
creases in adrenal epinephrine (p<0.001). Maintenance on a 
low salt diet for 5 days did not have a significant effect on the 
catecholamine content of intact or demedullated adrenal 
glands (p>0.40) (Fig. 2). 

To confirm that these dietary treatments had consistent 
effects on sodium metabolism, urine output and urinary Na* 
excretion were measured on the fifth day of a low salt, high 
salt, or control diet. Urine production and urinary Na* 
excretion of rats on 1.5% NaCl were elevated approximately 
6-fold compared to control rats (p<0.001). In contrast, rats 
fed a low salt diet had a similar urine output but a greatly 
reduced Na* excretion rate (p><0.001) compared to control 
rats (Fig. 3). 


DISCUSSION 


In studies with humans and rats, the dopamine receptor 
antagonist, metoclopramide, produces an increase in aldos- 
terone secretion that is independent of any known aldos- 
terone regulation factors [5, 6, 9, 27, 30]. In addition, the 
aldosterone response to metoclopramide is blocked in a 
dose-related manner by administration of dopamine. The lat- 
ter finding strongly suggests that metoclopramide’s 
antagonist action occurs at dopamine receptors [5, 7, 12, 23]. 

In sodium replete and deplete human subjects, basal al- 
dosterone secretion appears to be under maximum tonic 
dopaminergic inhibition [7,29]. In addition, dopamine mark- 
edly inhibits the aldosterone response to upright posture in 
humans [15]. As dopamine does not readily cross the blood- 
brain barrier, these findings point to a peripheral site of ac- 
tion for dopamine. Since ACTH and the pituitary glycopro- 
tein, aldosterone stimulating factor, are not altered by 
dopamine, a primary adrenocortical site of dopamine action 
is likely [15]. Dopamine receptors have been characterized in 
the bovine adrenal zona glomerulosa [22] and several studies 
point to a role for dopamine in regulating 18-hydroxylase 
activity, which catalyzes the conversion of corticosterone to 
aldosterone [1,28]. 





788 


In the present study, we have examined the regulation of 
dopamine in the adrenal cortex of laboratory rats. To date, a 
significant limitation in the study of dopaminergic regulation 
of aldosterone secretion has been the indirect approach 
taken to evaluate adrenal cortical dopamine. Recently, we 
reported that 25—40% of the total gland content of dopamine 
in rats was localized in the adrenal cortex. In contrast, less 
than 6% of the total gland content of either norepinephrine or 
epinephrine occurred in the adrenal cortex [19]. These find- 
ings are in general agreement with an earlier report by Kvet- 
nansky and co-workers [16]. Dopamine levels in the adrenal 
cortex remain constant following splanchnic nerve section, 
acute administration of alpha-methyl-p-tyrosine or chronic 
treatment with guanethidine, suggesting that dopamine is not 
contained within nerve terminals and is not synthesized from 
tyrosine [16,19]. Uptake of circulating dopamine by adrenal 
cortical cells does not appear to be sufficient to maintain 
tissue levels as resting plasma levels of dopamine are approx- 
imately 10-* M [32]. Two sources have been suggested for 
maintaining adrenal cortical dopamine concentrations, up- 
take and decarboxylation of circulating dopa and/or uptake 
and hydrolysis of conjugated dopamine [4,19]. 

Our results in this study indicate that approximately 40% 
of the total gland content of dopamine was restricted to the 
adrenal cortex. To examine the regulation of endogenous 
adrenal cortical dopamine content under physiological con- 
ditions, rats were maintained on dietary regimens of high or 
low sodium intake. As salt loading and salt depletion did not 
affect adrenal cortical dopamine content, we conclude that 
concentrations of dopamine remain constant in spite of 
presumed changes in utilization. 

Reports from several laboratories indicate that sodium 
intake affects dopamine actions in the adrenal cortex. In 
humans, dietary sodium restriction for 5 days was attended 


by significant decreases in plasma dopamine and urinary 
dopamine excretion [8]. As noted above, the aldosterone 
response to angiotensin II is attenuated by exogenous 
dopamine [11]. These studies are consistent with the view 
that sodium restriction reduces dopamine’s inhibitory effect 


on aldosterone secretion. Another as yet unexplored 
possibility is that sodium restriction affects adrenal cortical 
dopamine receptors. 

There is a general lack of agreement on absolute concen- 
trations of dopamine in the adrenal cortex. In studies with 
bovine adrenal, Racz et al. [25] reported that cortical 
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dopamine levels were 100-fold less than medullary dopamine 
levels. With few exceptions, studies of catecholamines in rat 
adrenals have not included a separation of cortex and 
medulla [18,26]. Our strategy in this and a previous study 
was to utilize adrenal demedullated rats for measurement of 
adrenal cortical catecholamines. To the extent that this 
preparation is representative of the adrenal cortex of an in- 
tact adrenal gland, we have reported that adrenal cortical 
dopamine levels range from 0.67-1.4 ywg/gland pair. These 
values are in general agreement with a published report for 
demedullated rats [16]. The difference between these find- 
ings and those of Racz ef al. [25] may represent a striking 
species difference. 

Reports from several laboratories have suggested that an 
extensive dopamine neuronal system occurs in the periphery 
{17, 18, 20, 31]. To support this view, studies have focused 
on determination of concentrations of dopamine relative to 
the concentration of norepinephrine as a means of distin- 
guishing the pool of dopamine which serves as a precursor 
for norepinephrine biosynthesis versus dopamine which is 
localized in dopaminergic nerve terminals [2,3]. In such 
studies, the assumption is made that the pool of dopamine in 
noradrenergic neurons is regulated at a fairly constant level 
(approximately 7% of norepinephrine). An obvious 
shortcoming of this approach is that dopamine may be 
formed in non-neuronal cells and function as a neurohor- 
mone. Evidence from the present experiments strongly sup- 
ports such a role for dopamine in the adrenal cortex. 

In summary, these findings confirm our previous work 
regarding the content of dopamine in the adrenal cortex of 
laboratory rats. In addition, extremes of sodium intake did 
not alter dopamine content of the adrenal cortex. In order to 
define more clearly the role of dopamine in regulation of 
aldosterone secretion, additional studies should delineate the 
source of dopamine for this tissue. This finding would allow 
for studies of dopamine utilization under various physiolog- 
ical states. 
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HONMA, K., S. HONMA, T. HIRAI, Y. KATSUNO AND T. HIROSHIGE. Food ingestion is more important to plasma 
corticosterone dynamics than water intake in rats under restricted daily feeding. PHYSIOL BEHAV 37(5) 791-795, 
1986.—The roles of food and/or water ingestion in the regulation of plasma corticosterone level were examined in rats 
under restricted daily feeding. When the time of food-pellets and water supply was restricted to 2 hours in the early light 
period (meal feeding) for 2 weeks, the corticosterone level increased prior to meal (prefeeding peak). A similar prefeeding 
hormone peak was observed when supply of food-pellets was restricted to 2 hours with free-access to water (food 
restriction). In contrast, when water supply was restricted to 2 hours with free-access to food-pellets (water restriction), the 
hormone level before water supply did not increase as much as that under meal feeding or food restriction. Shortening of an 
available time for water under water restriction or prolongation of the restriction schedule failed to elevate the hormone 
level furthermore. On the other hand, the high prefeeding corticosterone level before meal decreased subsequently to meal 
feeding (prandial fall), which was not observed when rats were kept fasting during the meal time. This prandial fall of the 
hormone level was not observed by water intake alone, and closely related to food-pellets ingestion. It is concluded that 
food ingestion is more important than water intake to the formation of the prefeeding corticosterone peak and to the 


prandial fall of the hormone level under restricted daily feeding. 
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IT is well established that plasma corticosterone levels in 
rats increase prior to the time of meal supply (prefeeding 
peak) and decrease subsequently to meal feeding (prandial 
fall), when animals are subjected to restricted feeding 
schedule, in which daily meal is restricted to a fixed time of 
the day [14,16]. Similar changes in plasma adrenocortico- 
tropic hormone were observed [5,6]. Two different processes 
seem to be involved in the changes of the plasma corticoste- 
rone level under restricted feeding. One is a process related 
to the prefeeding corticosterone peak which has properties 
of oscillation [7,12], and the other is responsible for the 
prandial fall of the hormone level which is a direct result of 
meal intake [8]. Although precise mechanisms of these hor- 
monal changes are not known, we have previously suggested 
an involvement of some metabolic process in establishing the 
prefeeding hormone peak [9]. 

The prefeeding corticosterone peak was reported to ap- 
pear not only by daily restriction of food-pellets and water, 
but also by restriction of either of them [4, 8, 10, 11]. Re- 
cently, the restriction of water intake alone was shown to be 
ineffective in inducing the rat prefeeding activity peak [15] 
which seems to be regulated by a common mechanism to the 
prefeeding hormone peak [2,7]. If the finding in the behav- 


ioral study is confirmed in other variables such as plasma 
corticosterone, the interpretation would be more plausible 
that the prefeeding events are specifically related to food 
ingestion and are not generally associated with any motiva- 
tionally relevant signal [15]. In the present study, we exam- 
ined the effects of food and water ingestions separately on 
plasma corticosterone level in rats in attempting to know 
which factor contributes mainly to the changes in the corti- 
costerone levels associated with restricted daily feeding. 


METHOD 
Animals and Housing 


Male rats of the Wistar strain were bred and reared in our 
animal quarter where environmental conditions are kept 
constant (temperature, 22+ 1°C; humidity, 60+ 5%; lights-on 
from 06:00 to 18:00 hr). Light was supplied by fluorescent 
tubes and the light intensity at the surface of the rat cages 
was about 200 Ix. Four rats were housed together in a plastic 
cage (36 x 30x 17 cm) and fed commercial chow and tap water 
ad lib, unless otherwise stated. At the beginning of each 
experiment, rats were about 3 months old and their body 
weight were 300-400 g. 





Plasma corticosterone 


; 4 l rn 
10 12 








Time of day ( hours ) 


FIG. 1. Effects of meal feeding or starvation on plasma corticoste- 
rone levels in rats under restricted daily feeding (meal feeding). The 
hormone value is expressed with the mean (n=8) and standard error 
(vertical bar). The meal was supplied from 10:00 to 12:00 hr (rectan- 
gle column). Open circles with dotted lines indicate the hormone 
levels on the day of meal feeding, and closed circles with solid lines 
indicate those on the day of starvation. Asterisks indicate a statisti- 
cally significant difference between meal feeding and starvation 
(*p<0.05, **p<0.01). 


Blood Sampling and Plasma Corticosterone Determination 


Blood samples were obtained from freely moving rats. A 
small incision was made with a razor blade at the tip of the 
tail, and ca 30 wl of blood were collected in a heparinized 
capillary tube. Eight rats (in 2 cages) were used to obtain the 
hormone level at one time point. Sampling from each cage 
was finished within 2 min from the initial contact with the 
cage, so that the total sampling time for one point was less 
than 5 min. In one experiment (Experiment 1), blood was 
sampled from the same animal sequentially with intervals at 
least 4 hr apart from the previous sampling. To obtain the 
hormonal fluctuation in a shorter period than 4 hr, we sub- 
jected several groups of rats (each consists of 8 rats) to an 
identical experimental design and sampled one by one at the 
interval designated. Plasma corticosterone was determined 
by a competitive protein binding assay with 10 ul of speci- 
men [8]. 


Statistical Analysis 


One-way or two-way analysis of variance was used for 
comparison of two mean corticosterone values. 


EXPERIMENTAL PROCEDURES AND RESULTS 


Experiment | 


Procedures. Eighty rats (20 cages) were subjected to re- 
stricted daily feeding for 2 weeks. Rats were allowed to ac- 
cess to food-pellets and water from 10:00 to 12:00 hr each 
day (meal feeding). On the 14th day of meal feeding, plasma 
corticosterone levels were determined from 08:00 to 14:00 hr 
at 15 to 60 min intervals. The feeding schedule was continued 
thereafter. Two days later, the hormone levels were deter- 
mined again without meal supply. The food and water in- 
takes were measured in 8 cages under ac lib feeding and 2 
weeks after the beginning of meal feeding. The base-line con- 
trol of plasma corticosterone was obtained at 10:00 hr from 
rats (n=8) fed ad lib. 

Results. Figure | illustrates effects of meal feeding and of 
starvation at the regular meal time on plasma corticosterone 
levels. Plasma corticosterone level prior to meal increased 
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FIG. 2. Effects of food-pellets (food restriction; upper) or water 
restriction (2 hr water; middle, 30 min water; lower) on plasma corti- 
costerone levels in rats. The hormone value is expressed with the 
mean (n=8) and standard error (vertical bar). The time of food or 
water supply is indicated by a rectangle column. Open circles with 
dotted lines in each panel indicate the hormone levels under meal 
feeding (Experiment 1). Asterisks indicate a statistically significant 
difference between meal feeding and the experimental group 
(*p<0.05, **p<0.01). 


under meal feeding as compared with the base-line control 
(3.3+0.6 ywg/dl). When the regular meal was supplied, the 
high prefeeding hormone level decreased rapidly almost to 
the basal morning level. In contrast, when the meal was 
omitted, the high hormone level persisted during the whole 
meal time. But the hormone level decreased gradually 
thereafter. The corticosterone levels under meal feeding 
were used as the meal-feeding control in the following exper- 
iments. 


Experiment 2 


Procedures. Three groups of rats were subjected to feed- 
ing schedules of the following designs for 2 weeks. Each was 
consisted of 48 rats (12 cages). In the first group rats had 
free-access to food-peliets from 10:00 to 12:00 hr (food re- 
striction). Water was supplied continuously. In the second 
group rats had free-access to water from 10:00 to 12:00 hr 
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FIG. 3. Effects of prolonged meal feeding (open circles with dotted 
lines), food restriction (closed circles with solid lines), and water 
restriction (closed circles with broken lines) on plasma corticoste- 
rone levels. The time of respective diet supply is indicated by a 
rectangle column. Asterisks indicate a statistically significant differ- 
ence between prolonged meal feeding and prolonged water or food 
restriction (*p<0.05, **p<0.01). 


(water restriction, 2 hr). In the third group free-access to 
water was restricted to 30 min per day from 10:00 to 10:30 hr 
(water restriction, 30 min). To the latter two groups food- 
pellets were supplied continuously. Plasma corticosterone 
levels were determined from 08:00 to 12:00 hr at 30 to 60 min 
intervals. Food and water intakes were measured in 8 cages 
for each group. 

An additional experiment with the same design as men- 
tioned above was performed extending the period of restric- 
tion schedule to 4 weeks. Each group was designated by 
adding a prefix, ‘“‘prolonged.’’ A group of water restriction 
(30 min) was excluded. The prolonged meal-feeding control 
was also obtained. 

Results. Figure 2 illustrates results of daily food or water 
restriction on the plasma corticosterone level. When food- 
pellets supply was restricted with free-access to water (food 
restriction; upper panel), a prefeeding hormone peak similar 
to that under meal feeding was established, except for the 
hormone value at 08:00 hr which was significantly lower 
under food restriction. The rapid prandial decrease in the 
hormone level was also detected under food restriction. On 
the other hand, when water supply was restricted with free- 
access to food-pellets (water restriction, 2 hr; middle panel), 
the hormone levels prior to water supply were significantly 
lower than those under meal feeding or food restriction. 
However, the prefeeding hormone level at 10:00 hr was high 
under the water restriction as compared with the base-line 
control under ad lib feeding (7.5+0.9 g/dl vs. 3.3+0.6 g/dl). 
Shortening of the access-time to 30 min under water restric- 
tion did not elevate the prefeeding hormone level further- 
more (7.5+0.9 yg/dl vs. 8.1+1.7 wg/di at 10:00 hr). A de- 
crease in the plasma hormone level 30 min after water intake 
was slight but statistically significant in both cases (water 
restriction, 2 hr, 7.5+0.9 yg/dl vs. 4.9+0.7 ug/dl; water re- 
striction, 30 min, 8.1+1.7 pg/dl vs. 4.6+0.3 yg/dl). 

Figure 3 illustrates the effects of prolonged food or water 
restriction on plasma corticosterone levels. The prefeeding 
hormone levels under prolonged water restriction were sig- 
nificantly lower at 9:00 and 10:00 hr than those under pro- 
longed meal feeding, and were not different from those ob- 
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FIG. 4. Effects of water (upper), food-pellets (middle) or both 
(lower) supply on prandial fall of plasma corticosterone levels in rats 
subjected to meal feeding. The hormone value is expressed with the 
mean (n=8) and standard error (vertical bar). The time of meal is 
indicated by a rectangle column. Open circles with dotted lines indi- 
cate the hormone levels under meal feeding (Experiment 1). As- 
terisks indicate a statistically significant difference between meal 
feeding and a respective feeding condition (*p<0.05, **»<0.01). 


tained under the 2 week water restriction (9.5+1.1 ug/dl vs. 
7.5+0.7 yg/dl at 10:00 hr). The hormone levels under pro- 
longed food restriction were not different from those under 
prolonged meal feeding. On the other hand, the prandial 
hormone levels under prolonged water restriction were sig- 
nificantly lower than those under prolonged meal feeding. 
The prandial hormone levels at 11:00 and 12:00 hr were also 
lower under prolonged food restriction than those under pro- 
longed meal feeding. 


Experiment 3 


Procedure. Three groups of rats were subjected to tne 
same feeding schedule as Experiment | (meal available from 
10:00 to 12:00 hr) for 2 weeks. The first two groups consisted 
of 80 rats (20 cages) and the third group of 88 rats (22 cages). 
After 2 weeks, only water was supplied to the first group at 
the regular meal time (water ingestion). To the second group, 












TABLE | 


FOOD AND WATER INTAKES (g/100 g B.W.) UNDER DIFFERENT 
FEEDING CONDITIONS 








Food-pellets Water 

Control (ad lib) T: 6.86 + 0.13 6.63 + 0.34 
Meal feeding R: 3,31 @.14 5.72 + 0.22 
Food restriction R: 4.05 + 0.099 3.39 + 0.32 

i — 11.94 + 0.54» 
Water restriction (2 h) R: 1.44 + 0.13 5.14 + 0.28 

Tt S32 61°P — 
Water restriction (30 min) R: 1.81 + 0.10 4.51 + 0.248 

T: 5.90 + 0.20° — 
Water ingestion R: — 3.59 + 0.13? 
Food ingestion R: 1.92 + 0.068 — 
Water and food ingestion R: 4.32 + 0.13% 5.40 + 0.27 





Food and water intakes were measured during the restricted 
period (R) and a 24 hr period (T). The amount is expressed with the 
mean and standard error (8 cages). Alphabets at the shoulder of 
figure indicate statistically significant difference (p <0.01) against the 
value of meal feeding (a) or the controls under ad lib feeding (b). 


food-pellets were supplied without water at the meal (food 
ingestion). To the third group, water was supplied from the 
beginning of the meal time and food-pellets were provided 
one hour later (water and food ingestion). Blood corticoste- 
rone levels were determined before and after the meal at 15 
to 60 min intervals. Food and water intakes were measured 
in 8 cages. 

Results. Figure 4 illustrates effects of water or food- 
pellets supply on the prandial fall of prefeeding corticoste- 
rone peak under restricted daily feeding. Neither water nor 
food-pellets supply was effective by itself in reducing the 
hormone level. When water was supplied as usual but food- 
pellets were given one hour later, the high corticosterone 
level which had been unaffected by water decreased rapidly 
after food-pellets supply. 

Table 1 summarizes the food and water intakes of rats under 
the 8 different conditions mentioned above (those of prolonged 
restriction were not included). Food and water consumptions 
were measured per rat cage. Under meal feeding, the food and 
water intakes decreased slightly but significantly as compared 
with the controls under ad lib feeding. When supply of 
food-pellets was restricted with free-access to water (food 
restriction), the food intake decreased more than that under 
meal feeding, whereas water intake almost doubled the con- 
trol level. In contrast, both water and food intakes were re- 
duced significantly when water supply was restricted. Under 
water restrictions, one fourth of the daily food was consumed 
during the time of water supply. 

Under meal feeding, food intake was diminished signifi- 
cantly when rats were not allowed to drink simultaneously 
(food ingestion). Water intake was also diminished when it 
was supplied without food-pellets (water ingestion). It was, 
however, not different from that under food restrictions. 


DISCUSSION 


As clearly demonstrated in Fig. 2, the prefeeding corti- 
costerone peak was established by restriction of food-pellets 
alone with free-access to water for 2 weeks. In contrast, 
restriction of water with free-access to food-pellets for the 
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same period failed to induce the prefeeding hormone peak to 
an extent comparable in amplitude to that under meal feed- 
ing. Neither shortening of an available time for water (30 
min) nor prolongation of the period of restriction schedule (4 
weeks) was effective in increasing the prefeeding hormone 
level. These results indicate the predominant role of food- 
pellets over water in the formation of the prefeeding corti- 
costerone peak under restricted daily feeding. A slight but 
significant elevation in the prefeeding hormone level was 
observed under both schedules of water restriction (Fig. 1), 
which may suggest some role of water restriction in the peak 
formation. But as demonstrated in Table 1, even under water 
restriction one fourth of the daily food intake occurred dur- 
ing the time of water supply. Therefore it is possible to inter- 
pret that a slight elevation of the prefeeding hormone level 
under water restriction was a result not of the water restric- 
tion but of an unusual feeding time associated with the water 
restriction. The present findings may also exclude an in- 
volvement of vasopressin as a main physiological factor in 
the formation of the prefeeding corticosterone peak, which 
has been previously argued [10]. An attenuated hormone 
peak by water restriction is consistent with the finding of 
Mistlberger and Rechtschaffen [15] but contradictory to 
those in other behavioral [3,17] as well as endocrinological 
studies [4,11]. The reason for this discrepancy is unknown 
but seems to be related to differences in sex, body weight 
and contents of meal supplied. Because these factors are 
well-known to influence the general metabolic state which 
has been suggested to be involved in the formation of the 
prefeeding hormone peak [9]. In the present study, rats were 
housed in groups, and group housing has been reported to 
elevate the base-line level of plasma corticosterone [1]. We 
compared the amplitude and duration of the prefeeding cor- 
ticosterone peak between rats in group and individual hous- 
ings, and did not find any meaningful difference between the 
two different modes of habituation (unpublished observa- 
tion). 

The important role of food ingestion in the control of 
plasma corticosterone was also demonstrated in the prandial 
fall of the hormone level. Neither water nor food-pellets supply 
succeeded in decreasing the high prefeeding hormone level 
by itself (Fig. 4). However as indicated in Table 1, food 
consumption was considerably reduced when food-pellets 
were supplied without water, whereas water intake was 
comparable to that in food restriction when water was 
supplied without food-pellets. The result indicates that rats 
had difficulties in ingesting food-pellets without water. In 
this regard, the above experiment was not properly designed 
to see effects of food ingestion on the plasma hormone level. 
On the other hand, when water was supplied beforehand, 
which had no effect on the hormone level by itself, the hor- 
mone level decreased subsequently to food-pellets supply. 
Under these conditions, rats could ingest food-pellets as 
much as under food restriction, in which the prandial fall of 
the hormone level was observed. From these results we 
conclude that food but not water ingestion is the main trigger 
to induce the prandial fall of plasma corticosterone level. We 
do not know the mechanism which is involved in the reduc- 
tion of the hormone level. Previously Doell et al. [4] ex- 
cluded possibilities of the changes in the distribution volume 
of the hormone and in the clearance of the hormone after 
meal feeding. Heybach and Vernikos-Danellis [6] observed a 
prandial fall of plasma ACTH concentration and a concomi- 
tant increase in pituitary ACTH level under restricted feed- 
ing. They also found that ACTH response to an acute stress 


FOOD AND PLASMA CORTICOSTERONE 


was inhibited when it was applied a few min after meal pre- 
sentation, and suggested that the prandial fall of plasma 
ACTH and corticosterone levels involved active inhibitory 
mechanisms on ACTH secretion. On the other hand, Wilkin- 
son et al. [19] suggested that decrease in plasma corticoste- 
rone occurring after drinking in water-restricted rats was not 
dependent on changes in plasma ACTH concentration. Re- 
cently the jejunal resection was reported to modify the 
plasma corticosterone level in rats [13]. The subdiaphragma- 
tic vagotomy had no effect on the prefeeding hormone peak 
[18] but prevents a rapid prandial fall of the hormone level 
(unpublished observation). Therefore it might be possible to 
speculate that a signal mediating the information of food in- 
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gestion arises from the digestive system and goes to the cen- 
tral nervous system which in turn inhibits the release of cor- 
ticosterone from the adrenal cortex. 

In conclusion, food ingestion is more important than 
water intake in establishing the prefeeding corticosterone 
peak and in inducing the prandial fall of the plasma cortico- 
sterone level under restricted daily feeding. 


ACKNOWLEDGEMENTS 


This work was supported in part by grants from Ministry of 
Education, Science, and Culture of Japan (No. 59224001 and 
60216001). 


REFERENCES 


. Barrett, A. M. and M. A. Stockham. The effect of housing con- 
ditions and simple experimental procedures upon the corticoste- 
rone level in the plasma of rats. J Endocrinol 26: 97-105, 1963. 

. Boulos, Z. and M. Terman. Food availability and daily biologi- 
cal rhythms. Neurosci Biobehav Rev 4: 119-131, 1980. 

. Dhume, R. A. and M. G. Gogate. Water as entrainer of circa- 
dian running activity in rat. Physiol Behav 28: 431-436, 1982. 

. Doell, R. G., M. F. Dallman, R. B. Clayton, G. D. Gray and S. 
Levine. Dissociation of adrenal corticosteroid production from 
ACTH in water-restricted female rats. Am J Physiol 241: R21- 
R24, 1981. 

. Heybach, J. P. and J. Vernikos-Danellis. Inhibition of ad- 
renocorticotrophin secretion during deprivation-induced eating 
and drinking in rats. Neurvendocrinology 28: 329-338, 1979. 

. Heybach, J. P. and J. Vernikos-Danellis. Inhibition of the 
pituitary-adrenal response to stress during deprivation-induced 
feeding. Endocrinology 104: 967-973, 1979. 

. Honma, K., C. von Goetz and J. Aschoff. Effects of restricted 
daily feeding on freerunning circadian rhythms in rats. Physiol 
Behav 30: 905-913, 1983. 

. Honma, K., S. Honma and T. Hiroshige. Critical role of food 
amount for prefeeding corticosterone peak in rats. Am J Physiol 
245: R339-R344, 1983. 

. Honma, K., S. Honma and T. Hiroshige. Feeding-associated 
corticosterone peak in rats under various feeding cycles. Am J 
Physiol 246: R721-R726, 1984. 

. Itoh, S., G. Katsuura and R. Hirota. Conditioned circadian 
rhythm of plasma corticosterone in the rat induced by food re- 
striction. Jpn J Physiol 30: 365-375, 1980. 


11. Johnson, J. T. and S. Levine. Influence of water deprivation on 
adrenocortical rhythms. Neuroendocrinology 11: 268-273, 1973. 

12. Kato, H., M. Saito and M. Suda. Effects of starvation on the 
circadian adrenocortical rhythm in rats. Endocrinology 106: 
918-921, 1978. 

. Kato, H., M. Saito and T. Shimazu. Attenuated blood cortico- 
sterone rhythm in rats with jejunal resection. Life Sci 34: 331- 
335, 1984. 

. Krieger, D. T. Food and water restriction shifts corticosterone, 
temperature, activity and brain amine periodicity. Endocrinol- 
ogy 95: 1195-1201, 1974. 

. Mistlberger, R. M. and A. Rechtschaffen. Periodic water avail- 
ability is not a potent zeitgeber for entrainment of circadian 
locomotor rhythms in rats. Physiol Behav 34: 17-22, 1985. 

. Moberg, G. P., L. L. Bellinger and V. E. Mendel. Effect of meal 
feeding on daily rhythm of plasma corticosterone and growth 
hormone in the rat. Neuroendocrinology 19: 160-169, 1975. 

. Moore, R. Y. Suprachiasmatic nucleus, secondary synchroniz- 
ing stimuli and the central neural control of circadian rhythms. 
Brain Res 183: 13-28, 1980. 

. Moreira, A. C. and D. T. Krieger. The effects of subdia- 
phragmatic vagotomy on circadian corticosterone rhythmicity 
in rats with continuous or restricted food access. Physiol Behav 
28: 787-790, 1982. 

. Wilkinson, C. W., J. Shinsako and M. F. Dallman. Rapid de- 
creases in adrenal and plasma corticosterone concentrations 
after drinking are not mediated by changes in plasma ad- 
renocorticotropin concentration. Endocrinology 110: 1599- 
1606, 1982. 








Physiology & Behavior, Vol. 37, pp. 797-803. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 003 1-9384/86 $3.00 + .00 


Seasonal Variations in Activity 
Rhythms of Male Voles: 
Mediation by Gonadal Hormones 


CAROL N. ROWSEMITT 
Department of Biology, University of Utah, Salt Lake City, UT 84112 


Received 3 January 1986 


ROWSEMITT, C. N. Seasonal variations in activity rhythms of male voles: Mediation by gonadal hormones. PHYSIOL 
BEHAV 37(5) 797-803, 1986.—Adult male Microtus montanus were castrated or sham-castrated and housed under 16 
hours of light (LD 16:8). Castrates showed increased preference for diurnal and decreased preference for nocturnal activity 
compared to shams. Castrates showed a trend toward increased crepuscular preference. Shams showed more total activity 
than castrates. Longterm castrates (under LD 8:16) displaying either predominantly diurnal or crepuscular activity were 
implanted with either empty Silastic capsules or capsules containing testosterone. Animals with testosterone implants 
displayed increased preference for nocturnal and decreased preference for crepuscular activity as compared to controls. 
No significant difference in preference for diurnal activity was found. Testosterone increased total activity. Testosterone 
appears to be an important, but not the only, cue in determining timing of running wheel use in male M. Montanus. 
Seasonal changes in reproductive function may be involved in the dramatic seasonal variations in activity timing observed 
in some field populations of microtine rodents. In all treatments, high interanimal variation occurred. This variation may be 
a function of the inherent flexibility of activity in microtine rodents. 


Circadian Rhythms Microtus Vole 


Testosterone 





SEASONAL changes in daylength induce only minor altera- 
tions in activity patterns in many nonhibernating, nonestivat- 
ing rodents [5,28]. Under natural conditions of daylength and 
temperature in both the field and laboratory, several north- 
ern latitude species of the Cricetid subfamily Microtinae 
show seasonal changes in the distribution of activity over 24 
hours. Higher levels of nocturnal activity are found in the 
summer with decreased nocturnal activity in winter, typi- 
cally accompanied by a strong crepuscular component 
throughout the year [13, 14, 18, 19, 28]. It has been suggested 
that this alteration of activity timing is adaptive as a means of 
avoiding the harshest microclimates encountered by these 
rodents on a seasonal basis [14, 19, 32]. A comparable shift 
in running wheel activity occurs in adult male Microtus mon- 
tanus in response to a shortening of the daily photoperiod 
from 16 hr (LD 16:8) to 8 hr (LD 8:16) while maintaining 
temperature constant; strong crepuscular activity is evident 
in some individuals after the adjustment to LD 8:16 [32]. 
When exposed to natural changes in daylength and tempera- 
ture in a cage with a treadle rather than a running wheel, the 
same changes in activity patterns occur [7]. In a field study 
of the same species, Claypool [7] observed a shift from 
primarily crepuscular in summer to predominantly diurnal in 
winter with some activity during every hour at most times of 
year. 

The seasonal shift in activity is superimposed on a higher 
frequency rhythm or “‘short-term rhythm’”’ [22] that has been 
reported for many microtines with a period ranging from 2 to 
5 hours [3, 9, 10, 17, 32]. Short-term rhythms in microtines 
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may be a function of metabolic rate [9]. The seasonal shift 
from nocturnal to diurnal activity in M. montanus in the 
laboratory appears to be accomplished by changes in the 
intensity of activity during these short-term bouts with a 
predominantly nocturnal animal displaying intense activity 
during the nocturnal bouts and limited amounts of activity 
during the diurnal bouts. A decrease in the intensity of noc- 
turnal bouts and an increase in the intensity of diurnal bouts 
is characteristic of predominantly diurnal animals [32]. 

Microtus montanus is a seasonal breeder which uses 
photoperiod as one of the seasonal cues for inducing changes 
in the level of testicular function [20,29]. In adult male M. 
montanus, plasma testosterone levels reach approximately 
12 ng/ml in long photoperiod and only 5 ng/ml in short day- 
length [33]. 

In rodents other than the microtines, there is evidence 
that gonadal steroids affect the timing of activity. In male 
mice (Mus musculus), castration lengthens the freerunning 
period (tau); testosterone implants tend to shorten tau [8]. In 
golden hamsters (Mesocricetus auratus) ovariectomy alters 
the phase angle of entrainment to the LD cycle and there is a 
shortening of tau with estradiol implants [25]. The stability of 
the timing of activity onset in male M. auratus correlates 
with gonadal status; i.e., animals in reproductive condition 
have more consistent activity onsets than animals with re- 
gressed testes [12,15]. Sex differences in entrainment of cir- 
cadian rhythms also have been demonstrated [2, 11, 38]. 
Furthermore, the responsiveness of the circadian system to 
steroids is subject to sexual differentiation [37]. These 
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studies and others indicate that gonadal steroids influence 
the timing of daily activity in several rodent species and that 
interspecific differences exist in these responses [1, 26, 27, 
35, 36]. Gonadal function also affects annual rhythms; hiber- 
nation was induced in male Turkish hamsters (Mesocricetus 
brandti) by castration, and terminated by testosterone im- 
plants [16]. Thus, gonadal steroids can function in the regu- 
lation of nonreproductive behavior on a seasonal as well as a 
daily basis. 

The present experiments tested the hypothesis that the 
seasonal alteration of activity from primarily nocturnal to 
essentially diurnal and crepuscular patterns observed in sev- 
eral vole species is mediated by changes in gonadal function. 
Specifically the effects of castration and testosterone re- 
placement therapy on locomotor activity of montane voles 
were assessed. 


GENERAL PROCEDURE 
Animals 


The animals used were from an outbred laboratory colony 
of Microtus montanus established from a wild population at 
Jackson Hole, Wyoming, 44° N latitude. Daylength extremes 
at this location are 15:29 and 8:53 hours of light at the sum- 
mer and winter solstices, respectively. The animals were 
housed 5 per cage at weaning, fed Purina Rabbit Chow and 
water ad lib, and maintained under LD 16:8 (lights on 0600- 
2200 hours) at 20°C. 


Surgery 


Surgery was performed under sodium pentobarbital 
anesthesia (Nembutal; 40 mg/kg body weight; injected intra- 
peritoneally). Silastic tubing (Dow-Corning No. 602-205; 
dimethylpolysiloxane; 1.02 mm i.d., 2.16 mm o.d.) capsules 
were made by filling 20 mm or 30 mm lengths with crystalline 
testosterone (Sigma). The ends of the capsules were sealed 
with Silastic Medical Adhesive, Silicone Type A (Dow Corn- 
ing No. 891). Plasma testosterone levels produced by a 20 
mm implant are 7.8 ng/ml (+0.5 S.D.) [31]. Empty Silastic 
capsules were made omitting the testosterone. 


Activity Recording 


Animals were housed individually in activity cages con- 
sisting of a 53x 12 15 cm high Fiberglas window box planter 
on which was placed a hardware cloth wheel 23 cm in diame- 
ter. The top of the wheel was covered with an opaque Fi- 
berglas roof. The nesting area, provided with food, cotton, 
and water was separated from the portion of the cage con- 
taining the wheel. Wheels were equipped with magnets and 
magnetic reed switches wired to 20-channel Esterline-Angus 
Event Recorders to monitor wheel revolutions. Purina Rab- 
bit Chow and water were available ad lib. Light intensity 
ranged from approximately 0.002-0.010 mmole M~? sec™! 
(200-500 lux) depending on cage location. The lighting re- 
gime of LD 16:8 was lights on 0600-2200 hours; that of LD 
8:16 was lights on 1000-1800 hours. 


Data Analysis 


In general, four types of activity patterns are typical of 
microtines in both the field and laboratory. These are pre- 
dominantly diurnal, predominantly nocturnal, predomi- 
nantly crepuscular, and ultradian (bouts of equal intensity 
throughout the 24 hours). Although the experimental regimes 
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used here provide no twilights, activity which is most intense 
at lights on and lights off occurs in some cases. The data 
analysis used here includes a time interval surrounding the 
lighting changes in which activity is designated as crepuscu- 
lar in order to differentiate such a pattern since it appears to 
be important in microtines in both the field and laboratory. 

The distribution of activity over a 24-hour period was 
estimated for each animal by examination of the wheel run- 
ning record under a dissecting microscope. The percentage 
of time the animal was active in each hour was assessed. The 
last seven days of each treatment were used to determine 
activity estimates for each animal; this typically represented 
a period of stable activity patterns after adjustment to the 
treatment. The 24-hour cycle was divided into 3 time 
categories: nocturnal, diurnal, and crepuscular. Crepuscular 
activity was defined as occurring 1 hour before and after 
both lights on and lights off, resulting in a total of 4 hours 
included in this time designation. Nocturnal activity was de- 
fined as occurring when lights were off but excluding the 
hours designated as crepuscular (the hour following lights off 
and the hour preceding lights on), resulting in a total of 6 
hours designated as nocturnal under LD 16:8 and 14 hours 
under LD 8:16. Diurnal activity was defined as occurring 
when lights were on but excluding the hour after lights on 
and the hour preceding lights off, resulting in a total of 14 
hours designated as diurnal under LD 16:8 and 6 hours under 
LD 8:16. 

Since an individual activity record could rarely be dis- 
tinctly classified as either diurnal, nocturnal, or crepuscular, 
and since the number of hours available in each time cate- 
gory differed, a preference index was devised to determine 
whether animals were displaying a preference or avoidance 
of activity in a given portion of the LD cycle. This index is 
similar to the approach of Hoogenboom et al. [19] for trap- 
ping data in Microtus arvalis. The activity rate for each time 
category R(t) for a given day was calculated by assessing 
how many hours an animal was active during each time cate- 
gory (nocturnal, diurnal, crepuscular), then dividing the 
hours of activity during each category by the hours available 
during that category. Therefore, under LD 16:8, the hours of 
nocturnal activity were divided by 6, those of diurnal activity 
were divided by 14, and those of crepuscular activity were 
divided by 4. In order to determine the animal’s preference 
on a given day, the three values (rates nocturnal, diurnal, 
and crepuscular) were normalized. This result was defined as 
the preference index PI(t) for time category t: 


PI(t) = R(t)/(R(n) + R(d) + R(c)) 


where R(n)=rate nocturnal, R(d)=rate diurnal, and 
R(c)=rate crepuscular. The preference indices provide a 
means for comparing the propensity of different animals to 
be active during different portions of the LD cycle while 
eliminating the variation in absolute activity in different in- 
dividuals. For each animal, the preference indices were cal- 
culated for each of the last seven days of the treatment. The 
average values for the preference indices for each animal 
were used for comparisons between animals. Total activity 
values were also calculated for each animal based on the 
average totals of the last 7 days. 

Statistical analyses between treatment groups were per- 
formed using the Mann-Whitney U test since the data did not 
appear to be normally distributed. Spearman’s rank correla- 
tion was used to examine the relationship between total ac- 
tivity and preference indices. 
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FIG. 1. Activity charts of three castrates (A) and three sham-castrates (B) under LD 16:8. Each record is a 
compilation of 24-hr segments arranged vertically in chronological order with day | at the top. Lights on and 
off as indicated by bars above charts. Each pen mark indicates a running wheel revolution. When activity is 


intense, these marks form solid dark bars. 


EXPERIMENT I: ACTIVITY UNDER LONG PHOTOPERIOD 
Method 


Adult males (12-16 weeks of age) were either castrated 
(N=26) or sham-castrated (N=14), then housed individually 
with access to running wheels. Activity was recorded for 
three weeks under LD 16:8. 


Results 


Figure 1 shows the activity patterns of several castrates 
and sham-castrates under LD 16:8. Stronger preferences for 
nocturnal activity are obvious in the sham-castrates, while 
stronger preferences for diurnal and crepuscular activity are 
obvious in the castrates. These results are confirmed by the 
statistical comparisons of the groups. Castrates display a 
higher preference index for diurnal activity than sham- 
castrates (p =0.007) and a lower preference index for noctur- 
nal activity (p =0.003). A trend toward increased crepuscular 
activity occurs in castrates (p=0.08). Sham-castrates 
showed higher total activity (median=5.24 hours; range: 
1.90-6.82) than castrates (median=2.47 hours; range: 
0.42+5.01) (p<0.001). Figure 2 shows the preference indices 
for the individual animals in a graphic manner to demon- 
strate the large degree of variability occurring within each 
group. 

In the castrates, a relationship existed between higher 
preference for nocturnality and high levels of total activity. 
A significant positive correlation was found between noctur- 
nal preference indices and total activity in the castrates 
(rho=.458, p<0.02) and a negative correlation was found 
between their crepuscular preference indices and total activ- 
ity (rho=—.424, p<0.03). No relationship existed between 
total activity and any of the preference indices in the sham- 
castrates. 
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FIG. 2. Preference indices for individual sham-castrates (A) and 
castrates (B) arranged in order of decreasing nocturnal preference 
index. Solid bars represent nocturnal, cross-hatched bars represent 
crepuscular, and open bars represent diurnal preference indices. 


EXPERIMENT Il: ACTIVITY UNDER SHORT PHOTOPERIOD 


Castrated males were housed individually with access to 
running wheels under LD 8:16 for 6 months. Animals which 
displayed spontaneous changes in activity over the six 
months were not used. Those animals which displayed pre- 
dominantly diurnal and/or crepuscular activity on a longterm 
basis (i.e., similar to activity in intact animals under 
longterm short photoperiod [32]), were implanted intraperi- 
toneally with either a 20 mm testosterone capsule (N=7), a 
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FIG. 3. Activity charts of castrates receiving testosterone implants (A—D) and control (empty) implants (E and F). Silastic 


capsule implanted on day marked with arrow. Lighting cycle was LD 8:16 with lights on and off as indicated by bars 
above charts. See Fig. 1 for explanation of activity charts. 
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FIG. 4. Preference indices for individual castrates receiving either 
testosterone (A) or empty (B) implants. See Fig. 2 for explanation. 


30 mm testosterone capsule (N=5), or an empty capsule 
(N=9). Activity was observed for 6 weeks following surgery. 


Results 


No significant differences were found between the prefer- 
ence indices of the 20 mm and 30 mm testosterone implant 
groups. A trend toward increased total activity in the 30 mm 
implant group over the 20 mm implant group occurred 
(p =0.085). The testosterone implant groups were combined 
for the remaining comparisons. 

Figure 3 shows activity charts for long-term castrates re- 
ceiving testosterone implants under LD 8:16. Statistical 
analyses of activity patterns comparing animals receiving 
testosterone implants and empty implants for the last 7 days 
of the six-week treatment demonstrate that animals with tes- 
tosterone implants showed higher preferences for nocturnal 
activity (p =0.002) and lower preferences for crepuscular ac- 
tivity (p =0.015) than animals with empty implants. No signif- 
icant difference was found in the diurnal preference indices 
(p =0.667). Testosterone-implanted animals displayed more 
total activity (median=5.09 hours; range: 0.71-8.65) than 
those which received empty implants (median=2.03 hours; 
range: 0.32-3.33) (p=0.012). Figure 4 shows the preference 
indices for the individual animals in a graphic manner to 
demonstrate the amount of variability observed. 

No significant relationships existed between total activity 
and preference indices for either the testosterone-implanted 
or empty capsule-implanted castrates. A trend suggested a 
possible positive relationship between nocturnal preference 
index and total activity in the testosterone-treated animals 
(rho=.490, p=0.10). 


GENERAL DISCUSSION 


The microtines possess a flexibility in activity timing 
which is uncommon among rodents. This flexibility perhaps 
accounts for the wide variation in activity patterns reported 
for these animals. Differences in conditions at field sites as 
well as differences in activity cage designs in the laboratory 
result in reports of different patterns of activity in these 
animals, even in studies of the same species. (See [24,31] for 
review.) In almost all cases where activity has been observed 
under seasonally changing conditions, a substantial altera- 
tion of activity timing has been observed with decreased 
nocturnality under winter conditions when compared to 
summer conditions. Thus, although a strictly nocturnal ac- 
tivity pattern as observed in the laboratory under LD 16:8 is 
never found in the field, similar relative changes in activity 
are reported in both the field and the laboratory, with de- 
creases in nocturnal activity under winter conditions. 
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The results presented here demonstrate that gonadal 
function is an important determinant of activity timing in 
male M. montanus under laboratory conditions. These re- 
sults suggest that the following pathway influences activity 
timing under natural conditions in the field. Long photo- 
periods stimulate reproductive function in male M. mon- 
tanus [20,29]. Increased circulating testosterone then pro- 
vides either direct or indirect feedback to some portion of the 
activity-generating system and is one of the cues which in- 
forms this system that summer activity patterns (i.e., in- 
creased preference for nocturnal activity) are appropriate. In 
winter, the reproductive system is regressed due to short 
photoperiods. Under these conditions, there is little or no 
circulating testosterone. The absence of testosterone is an 
indicator to the circadian system that winter activity patterns 
(i.e., decreased preference for nocturnal activity) are appro- 
priate. 

Feedback of reproductive steroids on the circadian sys- 
tem has been observed in other species [1, 2, 8, 11, 12, 25-27, 
35-37]. The responses found in these systems are typically 
subtle, causing only minor alterations in the timing of activ- 
ity. Since the activity of most rodents is rigidly linked to a 
certain phase relationship to the light)dark cycle with no 
dramatic seasonal changes in activity timing occurring in the 
field, one would cxpect a seasonal variation in some periph- 
eral system to be capable of producing nothing more than 
subtle changes in activity timing. The response to steroid 
alteration seen in male M. montanus is far more dramatic 
than those observed in other species which have been 
studied. The results presented here suggest that this periph- 
eral feedback to the circadian system which plays a minor 
role in most rodent systems has become an important part of 
the mechanism involved in the dramatic seasonal shifts in 
activity observed in M. montanus. Two nonmicrotine ro- 
dents also appear to have highly flexible activity patterns: 
the cotton rat, Sigmodon hispidus [6,21] and the gerbil, 
Meriones unguiculatus [30]. It would be of particular interest 
to determine if gonadal function has an important role in 
activity timing in these species. 

The large degree of variation observed in the castrates 
under LD 16:8 suggests that gonadal function is by no means 
the only factor influencing the timing of activity in male M. 
montanus. Rowsemitt et al. [32] found that after 108 days of 
sho:t photoperiod, 86% of intact adult male M. montanus 
shifted to predominantly diurnal activity, while animals 
maintained under long photoperiod remained nocturnal for 
the duration of the experiment. Direct comparison of those 
results with the present data are not possible because the 
analysis of activity patterns was performed differently. 
However, it is clear from work with intact animals that short 
photoperiod is more effective than castration in eliciting de- 
creased nocturnal activity. Short photoperiod induces many 
changes in endocrine function in microtine rodents. (See [34] 
for review.) It can be hypothesized that either a photo- 
periodically-induced change in another peripheral system is 
also involved in altering activity timing in these voles or that 
a system within the brain itself is directly responding to the 
altered photoperiod and providing that information to the 
suprachiasmatic nuclei or other portion of the circadian sys- 
tem. 

Testosterone replacement therapy in castrated voles 
under LD 8:16 produced significant increases in nocturnal 
and decreases in crepuscular activity preferences, but did 
not result in significant decreases in diurnal activity prefer- 
ences. Examination of individual activity charts shows that 





some individuals did, in fact, dramatically decrease diurnal 
activity under testosterone treatment but the number of 
animals responding in this manner was not sufficient to 
produce a statistically significant result. These findings 
under LD 8:16 support the hypothesis that testosterone is 
only one of the components involved in the shift in activity 
preference observed in intact males voles exposed to short 
photoperiod. 

Another potential explanation for the variation in re- 
sponse to testosterone therapy in Experiment II is that 
continuous-release Silastic capsules do not mimic the normal 
testosterone profile in intact animals. Intact male voles dis- 
play diurnal rhythms in plasma testosterone with peaks dur- 
ing the light under LD 16:8 and peaks during the dark under 
LD 8:16 [33]. Administration of testosterone in a manner 
which more closely mimics the natural rhythms may produce 
a stronger response in terms of decreased diurnal activity. 

Total activity levels were depressed by castration (Exper- 
iment I) and increased by testosterone administration in cas- 
trates (Experiment II). This is in agreement with results for 
other species [8]. Since both total activity and activity pref- 
erences are influenced by testosterone, each treatment group 
was examined for relationships between these factors. Only 
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in the castrates did a significant relationship exist between 
total activity and preference indices with a positive correla- 
tion between nocturnal activity preference and total activity 
occurring. This suggests that some factor(s) other than 
androgens is contributing to both of these measures. A trend 
in the same direction occurred in the testosterone-treated 
castrates in Experiment II. 

These results demonstrate a much larger role for periph- 
eral feedback on the circadian system than has been found in 
other rodent species. While reproductive steroids as well as 
other hormonal systems can alter activity timing in a subtle 
manner in other rodents [4], the microtine system appears to 
have a greater degree of endocrine feedback on activity 
timing. Examination of the effects of other hormones on cir- 
cadian activity rhythms in microtine rodents is warranted. 
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CHEN, Y.-C., S. M. PELLIS, D. W. SIRKIN, M. POTEGAL AND P. TEITELBAUM. Bandage backfall: Labyrinthine 
and non-labyrinthine components. PHYSIOL BEHAV 37(5) 805-814, 1986.—A cataleptic animal clings in a vertical 
position, unmoving, for abnormally long periods by supporting some of its weight on its hindlegs, grasping with the 
forepaws, flexing its forelimbs, and holding the head horizontal. When the head is snugly wrapped with a bandage, the head 
slowly falls backward, the neck hyperextends, the forelimbs extend and the grasp is released, resulting in the animal falling 
backward to the ground. It was earlier suggested that in cataleptic animals, the bandage inhibits vestibular and kinesthetic 
mechanisms of head support, yielding the backfall sequence [35]. However, preliminary experiments showed that labyrin- 
thectomized rats made cataleptic by haloperidol fall backwards when placed in a vertical clinging position, even without a 
bandage, suggesting that in the rat the bandage-backfall reaction depends only on the vestibular system. In the present 
paper, this result is verified but, by additional experiments, the latter conclusion is shown to be incorrect. In labyrinthec- 
tomized rats made cataleptic by other means (lateral hypothalamic damage, or bulbocapnine), backfall from clinging did not 
occur unless a bandage was applied. Therefore, the bandage does indeed appear to inhibit the kinesthetic mechanisms that 
maintain head support in labyrinthectomized cataleptic rats. Haloperidol, particularly in high doses, greatly weakens 
postural support in labyrinthectomized rats (causing the animal to sag down and fall back when clinging), although the 
effect is not detectable in rats with labyrinths intact. However, labyrinthectomy reveals that the bandage can trigger an 
active dorsiflexion of the neck which in itself appears to inhibit clinging and righting. Bandage-induced dorsiflexion is 
present to a much lesser degree in intact animals, indicating that labyrinthine mechanisms inhibit the dorsiflexion reflex. 
Therefore, in the intact, cataleptic rat the bandage backfall reaction appears to be produced by the combined effects of a 
passive component (inhibition of kinesthetic support mechanisms), and an active component (elicitation of dorsiflexion of 
the neck). 


Bandage backfall 
Postural support 


Labyrinthectomy Trigemino-neck reflex Head bandage Dorsiflexion 





CATALEPSY is a common symptom of Parkinsonism and 
related disorders [6, 19, 34]. Animal models of catalepsy can 
be produced by damage in the ascending dopaminergic 
pathways, or by systemic injections of dopamine antagonists 
such as haloperidol, pimozide, or bulbocapnine [8, 16, 32, 
40, 44]. 

The cataleptic animal clings unmoving for long periods to 
a vertical support [such as the back of a chair (cat, monkey), 
or a Vertical wire grid (rat)], grasping firmly, and keeping its 
head horizontal. Such tonic clinging has been used as one of 
the criteria for catalepsy in monkeys, cats and rats [8, 40, 
43}. 

However, as discovered by Van Harreveld and Kok 
[44], the clinging can be inhibited by wrapping a bandage 
around the head and neck. They showed that, while support- 





ing some of its weight on its hindlegs, the bulbocapnine- 
treated cat clings to the back of a chair by grasping with its 
paws, by flexing its forelimbs, and by holding its head hori- 
zontally over the top of the chair. When bandaged, the head 
falls slowly backward, the neck hyperextends, the forelimbs 
extend and the grasp is released. The animal then falls back- 
ward. 

The bandage-backfall reaction occurs in adults of many 
species when catecholamine-deficiency is produced (e.g., 
cat: LH damage or bulbocapnine; rat: haloperidol, pimozide, 
bulbocapnine, or LH damage: monkey: bulbocapnine; and, 
humans: post-encephalitic Parkinsonism [38, 40, 43]. It has 
also been found in normal infants in several species: cat, 
dog, monkey [40], rat [28], and human [38]. 

The backfall reaction is not caused by visual occlusion 


‘Requests for reprints should be addressed to Philip Teitelbaum at his present address: Department of Psychology, University of Florida, 
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[14]. It appears to require pressure on the skin of the face and 
head, because it can be abolished by sectioning the first three 
cervical nerves and the sensory portion of the trigeminal 
nerve innervating the face, ear and scalp [43]. Schallert and 
Teitelbaum [35] proposed that the bandage-backfall reaction 
is due to an inhibitory effect of skin contact on postural 
support. They suggested that bandage pressure mimics ex- 
ternal support of the head, which inhibits the vestibular and 
proprioceptive mechanisms necessary to maintain head sup- 
port. Preliminary experiments showed that labyrinthec- 
tomized rats made cataleptic by haloperidol fall backwards 
when placed in a vertical clinging position, even without a 
bandage, suggesting that in the cataleptic rat with labyrinths 
intact the bandage-backfall reaction depends on the vestibu- 
lar system [39]. However, Van Harreveld and Bogen [43] 
earlier demonstrated that unbandaged bulbocapnine-treated 
bilaterally labyrinthectomized cats were able to maintain the 
clinging position and to hold the head erect. Is there a spe- 
cies difference between rat and cat in the head-support 
mechanisms involved in cataleptic clinging? Or might the 
results in the rat be due to the different neuroleptic agent 
used to induce catalepsy: bulbocapnine in cats by Van Har- 
reveld and Bogen [43] versus haloperidol in rats by Teitel- 
baum [39]? 

In this study, by more detailed behavioral analysis we 
show that in the rat the difference is due to the neuroleptic 
agent used. Haloperidol appears to drastically weaken mus- 
cle tonus in labyrinthectomized rats, although it does not 
noticeably do so in intact rats. Such striking muscle tonus 
reduction appears to be one reason that an unbandaged 
labyrinthectomized haloperidol-treated rat falls backward 
when clinging. We also isolated an active component of the 
bandage backfall reaction. Labyrinthectomy magnifies an 
active dorsiflexion of the neck induced by the pressure of the 
bandage on the head. Such dorsiflexion is less marked in 
intact rats, but does contribute to the backfall phenomenon. 


GENERAL METHOD 
Animals Used 


Fifty-six male Long Evans hooded rats, weighing be- 
tween 300—400 g, were used. They were housed individually 
in a constant room temperature of 21-22°C under a 12:12 hr 
light-dark cycle, lights on at 0700 hr. 


Apparatus 


Two horizontal stainless steel rods (2 mm in diameter, 19 
cm long, mounted 8 cm vertically apart) in Plexiglas supports 
were used to assess cataleptic clinging. To evaluate the con- 
tribution of visual input in the maintenance of the clinging 
position, a pair of opaque acetate occluders (see [4]) were 
temporarily placed under the eye lids (covering the eyes), 
after applying a local anesthetic. An elastic bandage (Ace, 
Becton-Dickenson, NJ), 3 cm wide and 15 cm long, wrapped 
snugly around the head and neck, was used to induce the 
backfall reaction in cataleptic rats [40]. Behavior (clinging 
and falling) was recorded with a Sony video cassette re- 
corder, and various phases of these responses were photo- 
graphed with a 35 mm camera. 


Labyrinthectomy 


Surgery was performed under 0.33 ml/kg Equithesin 
anesthesia (a mixture of sodium pentobarbitol and chloral 
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hydrate). The labyrinthectomies were done in one stage; that 
is, both sides were destroyed in one operation. 

Chemical labyrinthectomy. Sodium arsanilate (Abbott, 
North Chicago), an ototoxic compound, was injected 
intratympanically, flooding the middle ear cavity (method 
from Horn, DeWitt and Neilson, [11]). Each ear received 20 
mg/kg sodium arsanilate (100 mg/ml sodium arsanilate in 
0.9% saline). This dose has been reported to be highly effec- 
tive in producing permanent peripheral vestibular damage 
[11]. Immediately after each injection, the external audi- 
tory passages were packed with Gelfoam (Upjohn Co., 
Kalamazoo, MI). It has been suggested that ototoxic drugs 
produce their effect by destroying secretory cells of the ves- 
tibular epithelium, leading to disruption of the microhomeo- 
stasis of the inner ear [10]. 

Surgical labyrinthectomy. Throughout surgery the rat 
was held in place by a head-holder [31]. The temporal bone 
was partly exposed via a dorso-lateral approach (Potegal and 
Cohen, in preparation). An incision was made above and 
behind the external pinna, and blunt dissection was used to 
penetrate to the deep muscle (sternomastoideus). The ten- 
don of the muscle points towards the paramastoid process 
and the bulla which lie next to the stylomastoid fissure, dor- 
sal to which is a small ridge which was ground down with a 
drill (0.61 mm diameter, round burr) to expose the lateral 
canal. The receptor epithelium was then destroyed by the 
drill, or by a steel wire (0.25 mm in diameter) passed 
anteriorly, through which a | mA anodal direct current was 
passed for 30 sec. 

Testing commenced 4-5 days after surgery. Prior to test- 
ing in the backfall paradigm, postural tonus was examined 
(as judged by whether the limbs supported the body off the 
ground), and labyrinthine righting reflexes were tested in air 
(by dropping the rat supine from 40 cm onto a foam rubber 
cushion), in water, and also with the rat supine on a horizon- 
tal surface, with its paws simultaneously in contact with an- 
other horizontal surface (a sheet of Plexiglas placed lightly 
on the soles of the feet). In some cases, eye movement re- 
sponses to rapid rotations were also tested. Chemically or 
surgically labyrinthectomized rats had similar vestibular 
losses, as judged behaviorally (see the Results section), and 
their clinging and backfall responses were the same. There- 
fore, both types of labyrinthectomized rats are presented as 
one group. 


Lateral Hypothalamic (LH) Lesions 


Surgery was performed using standard stereotaxic proce- 
dures. Bilateral lesions were made on seven rats, using 1 mA 
for 20 sec (anodal direct current) through stainless steel elec- 
trodes (RNE 300 Rhodes Medical Instruments, Inc.). The 
coordinates, with skull horizontal, were 2.7 mm posterior to 
bregma, 2.0 mm lateral to the middle of the exposed sinus, 
and 8.0 mm below the dura. 


Drugs 


Three neuroleptic drugs, haloperidol, pimozide, and bul- 
bocapnine [obtained from McNeil Pharmaceutical Labora- 
tory, (Spring House, PA), Janssen Pharmaceutica (Beerse, 
Belgium), and Penick Corporation (Newark, NJ), respec- 
tively], were used to induce cataleptic clinging. 


Histology 


At the end of the experiments, the rats were overdosed 
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FIG. 1. Clinging in labyrinthectomized cataleptic rats. Without ap- 
plication of a head bandage, labyrinthectomized rats with bul- 
bocapnine (Bulbo), pimozide (Pimoz), or lateral hypothalamic (LH) 
lesions were able to maintain a vertical clinging position for at least 
one minute. When they eventually fell, they did so by sagging 
downward, not by falling backward. 


with Nembutal and perfused through the heart with saline 
(0.9%) followed by 10% formalin. For analysis of lateral hy- 
pothalamic damage, forty-micrometer coronal frozen brain 
sections were stained with cresyl violet. 

For analysis of peripheral vestibular damage, the soft tis- 
sue around the skull was removed after perfusion and the 
skull was decalcified with EDTA. When soft, it was em- 
bedded in paraffin, and then the skull and brain were cut at 
10 yu in the plane of the lateral canal (i.e., with coronal sec- 
tions at 30° to the horizontal). Tracings of the sections were 
made with the aid of a Bausch and Lomb projector, and 
damage to the vestibular apparatus was assessed. The 
labyrinths of four surgically and four chemically labyrinthec- 
tomized rats were histologically analysed. 

To assess whether the peripheral vestibular damage led to 
nerve degeneration, the Eager Method of silver impregnation 
was used (see [15]). 


= 


FIG. 2. Photographs from top to bottom represent successive cling- 
ing postures of haloperidol-treated labyrinthectomized rats after 
they were placed on the bars. From A to C: 30 min after injection of 
0.5 mg/kg haloperidol. From D to F: 30 min after injection of 5 mg/kg 
haloperidol. From G to I, the same rat, as in D to F, 3 hours after 
injection of 5 mg/kg haloperidol. The animal with a low dose of 
haloperidol (0.5 mg/kg) did not display a backfall reaction. The 
backfall reaction was found in the unbandaged labyrinthectomized 
rat given 5.0 mg/kg haloperidol. However, this backfall gradually 
diminished with time after injection, even though the rat remained 
fully cataleptic all that time 


Results 


In two animals we first replicated the result reported ear- 
lier [39]: that a bilaterally labyrinthectomized unbandaged 
rat given 5 mg/kg haloperidol IP will fall backward from a 
clinging position in a manner resembling the bandage- 
backfall rea ion. We then performed the following experi- 
ments to (a, determine if other catecholamine-depleting 
treatments cause backward falling without bandage in 
labyrintectomized rats, and (b) further differentiate the ac- 
tions of the head bandage in inducing the bandage-backfall 
reaction. 


ARE THE INHIBITORY EFFECTS OF THE LABYRINTHECTOMY ON 
CATALEPTIC CLINGING DIFFERENT DEPENDING ON THE 
METHOD OF INDUCING CATALEPSY? 


In this experiment we tested whether labyrinthectomized 
rats treated with bulbocapnine (the drug used in cats by Van 
Harreveld and Bogen [43]), treated with pimozide (a rela- 
tively specific dopamine blocker), or given lateral hypotha- 
lamic (LH) lesions would also fall backwards without a ban- 
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FIG. 3. Duration of clinging on the horizontal bars when given dif- 
ferent doses of haloperidol. As dose increased, clinging time de- 
creased for the unbandaged labyrinthectomized rats. Duration of 
clinging did not change for either the intact or the labyrinthec- 
tomized rats when bandaged. Data are mean +1 SEM for each 
group. LB=labyrinthectomized; BA=head bandaged. 


dage: Seven LH rats were used. Five were first labyrinthec- 
tomized and then given LH lesions several days later. In two 
rats the reverse procedure was used and they were tested for 
cataleptic clinging prior to labyrinthectomy. The majority of 
the rats were labyrinthectomized first and then given lesions 
because this enabled a more adequate assessment of the suc- 
cess of the labyrinthectomy based on behavioral criteria (see 
above). Six labyrinthectomized and 6 intact rats were given 
10.0 mg/kg pimozide IP, five labyrinthectomized and 4 intact 
rats were given 40.0 mg/kg bulbocapnine IP. Each rat was 
tested on three separate occasions at one week intervals. 
Rats given pimozide were tested 60 min after injection, 
whereas rats given bulbocapnine were tested 30 min after 
injection. 

Labyrinth-intact rats with lateral hypothalamic lesions 
(n=7) or labyrinth-intact rats given either bulbocapnine 
(n=4) or pimozide (n=6) maintained a vertical clinging posi- 
tion for as long as 3 min and fell back only when a bandage 
was applied to the head (see also [40]). Unlike haloperidol- 
treated unbandaged labyrinthectomized rats, unbandaged 
labyrinthectomized rats with lateral hypothalamic lesions 
(n=7) or given either bulbocapnine (n=5) or pimozide (n=6), 
maintained a vertical clinging position for one or more min- 
utes. In all but one case, when they did fall the body sagged 
downward, but the head did not extend backward (Fig. 1). 
(The exceptional case, a pimozide-treated labyrinthecto- 
mized rat fell backward when tested 60 min after injection, 
but was able to maintain a vertical clinging position when 
retested 90 min after injection.) Therefore, the backward fal- 
ling present in unbandaged haloperidol-treated labyrinthec- 
tomized rats is not typical of all cataleptic labyrinthec- 
tomized preparations, but rather appears dependent upon a 
particular action of haloperidol not common to the other 
means of inducing catalepsy. The difference between our 
results in the rat and those of Van Harreveld and Bogen in 
the cat [43] may thus be due to a side effect of haloperidol 
on labyrinthectomized rats. Therefore, we re-examined 
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FIG. 4. After administration of 0.5 mg/kg haloperidol, (A) the 
labyrinthectomized rat usually maintains a motionless posture with 
the head drooping down or with the snout pointing downward when 
in a horizontal position, but, (B) when a head bandage was applied, 
the labyrinthectomized rat’s neck dorsiflexed, so that the head 
pointed upward at angles of nearly 45°. 


cataleptic clinging induced by haloperidol, with special at- 
tention given to drug dose and time after injection, in both 
intact and labyrinthectomized rats. 


EFFECTS OF HALOPERIDOL: RELATION OF DOSE AND TIMING TO 
CLINGING 


From the experiment above it became clear that only 
under the influence of haloperidol did labyrinthectomized 
rats fall backwards without a bandage. This suggested that at 
the high dose used (5.0 mg/kg) some side effect of haloperi- 
dol may have diminished the animal’s capacity to cling. If so, 
at lower doses, still sufficient to induce catalepsy, a labyrin- 
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thectomized rat made cataleptic by haloperidol, like animals 
made cataleptic by other means, should cling without falling 
backwards. 

Twenty-six rats were used for two experiments involving 
haloperidol. In the first experiment five labyrinthectomized 
rats and one intact rat were injected with 0.5 mg/kg or 5.0 
mg/kg haloperidol at six day intervals. For the rats given 5.0 
mg/kg, in addition to being tested at 30 min after injection as 
were the rats given 0.5 mg/kg, they were tested again 180 min 
after injection. After being injected, the rats were placed on 
the horizontal clinging bars on two separate trials with a one 
minute interval between them. The second experiment used 
12 labyrinthectomized and 8 intact rats. The duration of 
clinging under different doses of haloperidol was measured. 
Eight of tie twelve labyrinthectomized rats were matched to 
the eight intact rats, and four different doses (1.0, 2.5, 5.0, 
7.5 mg/kg) of haloperidol were used. Each pair (labyrinthec- 
tomized and intact) was started at a different dose and then 
given successive doses in a different sequence over a period 
of weeks. The four additional labyrinthectomized rats were 
similarly given haloperidol in a regimen matching the four 
sequences above. Injections were given at least five days 
apart, to reduce the likelihood of supersensitizing dopa- 
minergic receptors due to continued exposure to halo- 
peridol (see [23]). All animals were tested on the horizontal 
bars 30 min after injection. After each injection each rat was 
tested at least 10 times, with 1 min intervals between each 
trial. The rats were first tested without the head-bandage. 
Then, 10-15 minutes after completion of the first set of 10 
trials, they were retested in an additional set of 10 trials with 
the head bandage. 

For both of these experiments with haloperidol, the 
length of time that the animals were able to maintain the 


vertical clinging position was recorded with a stop watch. 
The initial clinging position adopted and the manner in which 
they fell off was also recorded. 


Results and Discussion 


A low dose (0.5 mg/kg) of haloperidol, still sufficient to 
induce catalepsy, allowed labyrinthectomized rats to cling to 
the horizontal bars for up to one minute. When they fell off, 
they sagged downward, with the head maintained in a verti- 
cal position rather than falling backward (Fig. 2A, B and C). 
In sharp contrast, when given a high dose (5.0 mg/kg) of 
haloperidol, they clung for only a few seconds before falling 
off backward (Fig. 2D, E and F) when tested 30 min after 
injection. However, at 3 hr after injection, not only could 
they cling longer [8.6+1.1 sec vs. 49.7+3.3 (mean+SE); 
t(18)=— 12.15, p<0.01], but when they fell off they did so by 
sagging downward and not with the head falling backward 
(Fig. 2G, H and J). 

As the dose of haloperidol was increased (in graded steps 
from 1.0 to 7.5 mg/kg), the unbandaged labyrinthectomized 
rats clung for shorter and shorter periods (Fig. 3; one-way 
ANOVA, p<0.01). Intact bandaged rats show no significant 
effect of increased dose (Fig. 3; one-way ANOVA, p>0.1). 
This suggests again that a high dose of haloperidol weakens 
labyrinthectomized rats but not intact ones. (Bandaged 
labyrinthectomized rats will be discussed below.) 


OBSERVATIONS ON THE EFFECTS OF A HEAD BANDAGE ON 
HALOPERIDOL-TREATED INTACT AND LABYRINTHECTOMIZED 
RATS 


Application of a head bandage to labyrinthectomized, 


FIG. 5. Bandage backfall in an intact rat given 5.0 mg/kg haloperi- 
dol. 


haloperidol-treated rats reduced their ability to cling from 
about 20 seconds (at 1.0 mg/kg) to 1-2 seconds. This reduced 
ability to cling was present at all doses of haloperidol (Fig. 
3). One reason for the reduced capacity to cling was that the 
labyrinthectomized rats immediately extended their necks 
backward on being held vertically while being placed on the 
horizontal bars. With the neck extended, the forelimbs also 
extended and this greatly impaired grasping by the forepaws. 
Such dorsiflexion of the neck is an active response to the 
application of the bandage, as shown by its occurrence when 
the rats were placed on a horizontal surface (Fig. 4). Unban- 
daged, the haloperidol-treated labyrinthectomized rats sat 
with the head pointing downwards, with the snout resting on 
the ground or just a little above it (Fig. 4A). Application of a 
bandage caused the neck to dorsiflex and the head to be 
raised into the air (Fig. 4B). If the head was pressed down, 
the neck rigidly resisted. On release, the neck rebounded to 
the dorsiflexed position. This bandage-induced dorsiflexion 
of the neck was not consistently present in all intact 
haloperidol-treated rats, and when it was present, it was 
weaker than in labyrinthectomized haloperidol-treated rats. 
That is, when the head was pressed down, little resistance 
was felt and on release the head remained on the ground. 

We conclude from these observations that the bandage 
triggers an active dorsiflexion of the neck which can be par- 
tially inhibited by intact labyrinthine input. Intact and 
labyrinthectomized rats made cataleptic with bulbocapnine, 
pimozide or LH lesions also exhibited the dorsiflexion re- 
flex. It is important to note that bandage pressure on the face 
alone, but not on the neck alone, was sufficient to elicit the 
dorsiflexion by the neck. 

The head bandage also impaired righting reactions in in- 
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FIG. 6. Horizontal sections (anterior at top) of the peripheral vestibular system at the level of the vestibular nerve entering 
the brain stem. In the chemically labyrinthectomized preparation (A) there is no obvious structural damage. In the 
surgically labyrinthectomized preparation (B) there is clear evidence of damage (*). Abbreviations: alc, ampulla of lateral 
canal; CN, cochlear muucleus; Ic, lateral canal; pc, posterior canal; sg, Scarpa’s ganglion (eighth nerve); 7n, seventh nerve; 


u, utriculus. 


tact, cataleptic rats. When dropped supine in the air, they 
usually landed on their sides rather than prone, and in one 
intact rat, the head bandage completely abolished air- 
righting on repeated trials. Three possible effects of the ban- 
dage could explain the impairment in this vestibular- 
originating reflex: (1) The bandage physically restrained the 
rats, preventing them from making the necessary movements 
required for righting in the air. (2) The dorsiflexion of the 
neck stimulated by the head bandage interfered with, or even 
overwhelmed, the vestibular righting reflexes. (3) The ban- 
dage neurally inhibited, at least partially, the vestibular 
function. 

To test the first possibility, the sensory field of the skin on 
the face and scalp was denervated by sectioning the appro- 
priate branches of the trigeminal nerve, and then applying 
the bandage to the head. In such denervated rats (n=2), 
application of the head bandage did not impair the ability to 
right in the air (Chen, work in progress). Furthermore, we 
know that bandaging has neural effects on brain function as 
evident in the cortical EEG shutdown produced by head or 
body bandaging in morphine-treated rats [7]. It remains un- 
determined, however, whether a direct neural inhibition of 
vestibular function by the bandage accounts for the righting 
impairments or whether the effect is via interference by the 
active dorsiflexion. In this respect, for example, those intact 
bandaged rats exhibiting the strongest dorsiflexion of the 
neck were also those showing the greatest impairment in 
righting. 

The role of the dorsiflexion of the neck in the bandage 
backfall reaction of the intact cataleptic rat also remains un- 
clear. Although bandaged intact rats typically fall backward 


as shown in Fig. 5, in the occasional trial their heads sagged 
to one side, not backward. Since these exceptional cases did 
not appear to involve active neck dorsiflexion, they support 
the idea that the bandage might have a direct neural sup- 
pressing effect on vestibular mechanisms and/or other 
postural support mechanisms (see the General Discussion 
section). 


HISTOLOGICAL AND BEHAVIORAL ASSESSMENT OF THE 
LABYRINTHECTOMIES 


Histological analysis of the inner ear of the labyrinthec- 
tomized rats on completion of the behavioral tests revealed 
that the chemically labyrinthectomized rats had no macro- 
scopic structural damage of the peripheral vestibular appara- 
tus (Fig. 6A). Damage was clearly visible in the surgically 
labyrinthectomized rats (Fig. 6B). However, vestibular 
nerve degeneration in the brainstem (Fig. 7) with silver stain- 
ing of nerve sections was apparent in both the surgically and 
chemically labyrinthectomized rats. Furthermore, both sur- 
gically and chemically labyrinthectomized rats displayed 
similar behavioral deficits; loss of labyrinthine righting and 
loss of ocular nystagmus during or after rapid rotations, indi- 
cating a loss of both otolithic and canal function (see [45]). 
Reduced postural support and exaggerated head dorsiflexion 
also appeared to be reliable criteria for identifying successful 
labyrinthectomies [5, 20, 21]. 

As noted in the Method section, labyrinthine righting was 
tested in three different ways. In addition to testing air- 
righting, we also placed labyrinthectomized rats in water and 
verified that they rolled excessively, and in both directions 
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FIG. 7. Degeneration of the eighth nerve fibres in chemically labyrinthectomized rat (survival time 10 days) is shown (see 
arrow) in this microphotograph of silver stained tissue. The section was from a specially prepared unilateral labyrinthec- 
tomy, so that the nerve degeneration is present only on the right side. Abbreviations: Cl, Vermian Lobule I; NC, cochlear 
nucleus; NVL, lateral vestibular nucleus; tst, spinal tract of trigeminal nerve; 4V, fourth ventricle. 


[37]. The third way of testing deserves special comment. 
Magnus [17] noted that if a bilaterally labyrinthectomized 
animal is placed lying on its side on a table, with a weighted 
board placed on the upper side of the body, the animal will 
make no attempt to right itself. (The animal also had to be 
blindfolded for this effect to work in the case of monkeys, 
dogs, and cats, but not in the case of rabbits or guinea pigs). 
In the labyrinthectomized rat, it was not possible to demon- 
strate this effect exactly, because the rat would not lie still on 
its side, regardless of how much pressure was applied, as 
long as its paws were not in contact with a supporting sur- 
face. We were able, however, to further demonstrate a loss 
of labyrinthine righting in a slightly modified way. !f a sheet 
of Plexiglas was lightly held against the soles of a labyrin- 
thectomized rat’s feet while it was lying on its back, it did not 
right, but rather stayed on its back. Only light contact, not 
pressure, was necessary to induce the rat to maintain this 
position. If the front of the Plexiglas sheet was tilted upward 
so that the forelegs lost contact, but the hindpaws remained 
in contact, the rat would still remain on its back. In fact, 
when the board was raised slightly, the rat would actively 
extend its paws to maintain contact with it. It would even 


groom its face with its forepaws while lying in this position. 
However, if the hindpaws lost contact with the Plexiglas, the 
rat immediately righted itself. In addition to verifying a loss 
of labyrinthine righting in the labyrinthectomized rats, this 
phenomenon clearly shows a lack of visual righting reflexes 
in the rat. These have previously been shown to be lacking in 
the rabbit and guinea pig. [17,42]. 


HISTOLOGICAL ANALYSIS OF LH LESIONS 


Schematic diagrams indicating the brain regions common 
to all rats destroyed by the lesion are shown in Fig. 8. The 
lesions destroyed the lateral hypothalamus and extended lat- 
erally to involve the medial margin of internal capsule. Most 
often they encroached upon the zona incerta dorsally and 
extended ventrally toward the dorsal border of the optic 
tract. Usually the lesions extended as far anteriorly as the 
supraoptic nucleus and as far posteriorly as the mammillary 
peduncle and the substantia nigra. 

These large lesions represent a partial transection of the 
neuraxis at the level of lateral hypothalamus. They interrupt 
the neural systems that pass through this area including the 
medial forebrain bundle and the nigro-striatal bundle. 





FIG. 8. The location of damage caused by the LH lesions are indi- 
cated on drawings of sections from the atlas of Paxinos and Watson 
[23], in which details of the abbreviations are to be found. Further 
details are given in the text. 


GENERAL DISCUSSION 


In this paper, we have shown that: (1) unbandaged 
labyrinthectomized haloperidol-treated rats do fall back- 
wards in a manner resembling bandaged intact rats given 
haloperidol; (2) backward falling by unbandaged labyrinthec- 
tomized rats occurs consistently only with haloperidol, not 
with catalepsy induced by bulbocapnine, pimozide, or lateral 
hypothalamic damage; (3) backward falling in unbandaged 
labyrinthectomized rats occurs only with high doses (1.0 
mg/kg or more) of haloperidol; (4) in labyrinthectomized un- 
handaged rats, backward falling is due to the action of haloperi- 
dol, while in bandaged intact rats, backward falling is due to the 
action of the head bandage; and (5) bandaging of the head of 
cataleptic rats induces dorsiflexion of the neck. This is an active 
reflex since it overcomes the force of gravity when the animals 
are prone on a horizontal surface. The dorsiflexion of the 
neck is most extreme in the labyrinthectomized cataleptic 
rats. 

Therefore, backward falling in unbandaged labyrinthec- 
tomized rats is a by-product of an apparent muscle- 
weakening effect that high doses of haloperidol have on such 
rats (see Figs. 2 and 3). This interaction between labyrinthec- 
tomy and haloperidol has a drastic effect on the rat’s capac- 
ity to maintain a vertical clinging posture (Fig. 3), and so it 
falls off relatively quickly and in a manner superficially re- 
sembling the bandage-backfall reaction (Fig. 2D to F, cf., 
Fig. 5). 
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Stimulation of several trigeminal afferents in the 
anesthetized animal has been shown to excite the 
motoneurons of the neck muscles that elicit extension of the 
neck [18,36]. This response, termed the ‘‘trigemino-neck re- 
flex’’ [18,36], has been hypothesized to be a defensive reflex 
which raises the head to avoid a stimulus [18], or a feeding 
reflex which moves the head towards a stimulus [41], or, 
more generally, motor behavior unique to the head move- 
ment subsystem such as sucking or orientation [33]. Our 
experiments show that bandage-induced dorsiflexion of the 
neck (Fig. 4B) is modulated by the vestibular system; com- 
plete loss of vestibular input due to labyrinthectomy disin- 
hibits the neck dorsiflexion that is triggered by the head ban- 
dage. Such dorsiflexion of the neck was not consistently 
present in intact cataleptic rats, and when it was, it was 
weaker. 

Our observation that the bandage induces active dorsi- 
flexion of the neck supports Van Harreveld and Bogen’s [43] 
conclusion that the bandage backfall reaction is probably an 
active reflex. However, whether such dorsiflexion is suffi- 
cient, by itself, to produce the bandage backfall reaction 
in intact cataleptic rats is unclear. Labyrinthectomized 
cataleptic rats dorsiflex their necks strongly immediately 
after application of the bandage, severely impairing their ca- 
pacity to cling vertically (Fig. 3). Intact bandaged cataleptic 
rats, on the other hand, begin clinging with the head held 
upright (Fig. 5), and only gradually does the head fall 
backward—we therefore have no direct evidence that this is 
due to an active dorsiflexion of the neck. Furthermore, ban- 
daged intact rats do occasionally fall sideways, from the ver- 
tical clinging position, as a result of the head falling sideward 
not backward. 

In addition to eliciting dorsiflexion of the neck, the ban- 
dage may inhibit vestibular and proprioceptive mechanisms. 
Bandaging the head or the body of haloperidol-treated intact 
or labyrinthectomized rats, for example, leads to a marked 
depression of bracing responses to horizontal displacements 
[25]. Furthermore, bandaging the abdomen in haloperidol- 
treated rats depresses postural support of the hindquarters 
[25]. Similarly, Ewbank [9] reports that a rope around the 
abdomen or other parts of the body, in normal, undrugged 
cattle, not only makes the animals more quiet, but can also 
depress postural support. These examples indicate that ap- 
plication of a bandage on the head or body may indeed in- 
hibit postural support mechanisms. Depending upon whether 
the head bandage has a direct inhibitory effect on the 
labyrinths, there are at least two possible ways by which the 
partial dorsiflexion of the neck in bandaged intact cataleptic 
rats could be produced: (1) the activation of the neck by the 
bandage is stronger, but not overwhelmingly stronger, than 
the inhibition of the neck by the labyrinths; and (2) the ban- 
dage may partially inhibit the labyrinths while simulta- 
neously activating the dorsal neck muscles. Anatomical 
studies have found trigeminal connections with vestibular 
nucleus [2, 3, 13], and several studies have indicated a close 
functional relationship between the trigeminal and vestibular 
system [29, 30, 42]. For example, Petrosini, Troiani, and 
Zannoni [30] suggested that after unilateral labyrinthectomy 
in the guinea pig, as part of the compensatory process, the 
activity of the remaining vestibular nucleus (intact side) is 
inhibited by trigeminal input. 

The possible roles of active (dorsiflexion of the neck) and 
passive (postural inhibition) components in the bandage 
backfall reaction remain to be fully determined. In this paper 
an active component has been identified, which makes dif- 
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ficult the analysis of possible inhibitory effects of the ban- 
dage on postural support mechanisms when the rats cling 
vertically. However, our recent work indicates that in some 
intact rats, made cataleptic with haloperidol, the application 
of a head bandage induces an almost complete shut-down of 
postural support (Pellis and Teitelbaum, work in progress). 
Such rats flex their hindlimbs, extend their forelimbs, which 
are held close to the body, and their bodies become flaccid 
due to an apparent loss of tonus in the body musculature. 
The posture adopted resembles that exhibited by infant rats 
when lifted and carried by the neck or head by their mothers 
(e.g., see Brewster and Leon, [1] for description of maternal 
transport in rat). These rats can only weakly grip or brace, 
and may fail to contact-right when placed supine on the 
ground, suggesting that the bandage is inhibiting postural 
support. When placed on the horizontal clinging bars, the 
body is sagged from the outset and the head falls passively 
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backward. At the other extreme, a few rats fail to show any 
shutdown when the bandage is applied, and cling with the 
body held up and the head erect, before the head falls slowly 
backward. Most rats appear to be somewhere in between 
these extremes. By screening the sample of animals used, 
and selecting individuals at either extreme, it ought to be 
possible to study the active and passive components of the 
bandage backfall reaction in relative isolation. 
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RABIN, B. M., W. A. HUNT, A. L. CHEDESTER AND J. LEE. Role of the area postrema in radiation-induced taste 
aversion learning and emesis in cats. PHYSIOL BEHAV 37(5) 815-818, 1986.—The role of the area postrema in radiation- 
induced emesis and taste aversion learning and the relationship between these behaviors were studied in cats. The potential 
involvement of neural factors which might be independent of the area postrema was minimized by using low levels of 
ionizing radiation (100 rads at a dose rate of 40 rads/min) to elicit a taste aversion, and by using body-only exposures (4500 
and 6000 rads at 450 rads/min) to produce emesis. Lesions of the area postrema disrupted both taste aversion learning and 
emesis following irradiation. These results, which indicate that the area postrema is involved in the mediation of both 
radiation-induced emesis and taste aversion learning in cats under these experimental conditions, are interpreted as being 
consistent with the hypotheses that similar mechanisms mediate both responses to exposure to ionizing radiation, and that 


the taste aversion learning paradigm can therefore serve as a model system for studying radiation-induced emesis. 


Emesis Taste aversion Radiation Cat 


Area postrema 





A conditioned taste aversion (CTA) is produced when a 
novel tasting solution is paired with exposure to ionizing 
radiation, such that the organism will avoid ingestion of that 
solution at a subsequent presentation. In common with many 
chemical toxins, irradiation not only will produce a CTA, but 
will also cause vomiting in organisms that are capable of 
making that response. Because the functional effects of a 
CTA are similar to those of emesis, to limit the intake and/or 
absorption of toxic substances, it has been proposed that 
both CTA and emesis are part of a ‘‘gut defense system” that 
functions to maintain internal homeostasis within the or- 
ganism [6,7]. As such, it has been suggested that the CTA 
paradigm can serve as a model system for the study of 
emesis [18]. 

For the most part, the study of the neural mechanisms of 
both emesis and CTA learning has focused on the role of the 
area postrema (AP), the brainstem chemoreceptive trigger 
zone, in mediating these behaviors [2, 4, 12-14]. If, as 
suggested above, CTA and emesis are related behaviors in 
the maintenance of internal homeostasis and if CTA can 





serve as a model system for the study of emesis, then similar 
neural mechanisms should be involved in the regulation of 
both behaviors [16]. Because cats show both responses fol- 
lowing exposure to ionizing radiation [9], they would seem to 
provide the best animal model for studying the relationship 
between CTA and emesis. However, while AP lesions in the 
rat disrupt the acquisition of a CTA following exposure to 
ionizing radiation [12-14], these lesions have been reported 
to be ineffective in disrupting radiation-induced emesis in the 
cat [1,11]. In this regard, cats differ from both dogs and 
monkeys in which AP lesions prevent radiation-induced 
emesis [3, 8, 22]. 

It may be, however, that the AP mediation of the emetic 
response to irradiation, like the CTA response [15], depends 
upon the dose used. Compared to dogs, in which the ED is 
800 rads [5], and monkeys, in which the EDjo. is 600 rads 
[10], the approximately 5500 rads needed to elicit consistent 
emesis in the cat [1,11] is so high that other neural mech 
anisms unrelated to the AP may be involved. It may be that 
AP lesions are not effective in disrupting radiation-induced 
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FIG. 1. Photomicrographs of representative sections of the brainstem of an intact cat showing the area postrema (A, *‘AP’’), and a cat with 


lesions of the area postrema (B). 


emesis in cats, in contrast to the effects of the lesions on 
vomiting in dogs and monkeys and on CTA learning in rats, 
because the effective dose in cats is so high that other, non- 
AP-mediated, mechanisms are brought into play. 

An alternative hypothesis to account for these differences 
in the effectiveness of AP lesions involves the possibility that 
because the CTA is a conditioned response to a conditioned 
stimulus while emesis is an unconditioned response to an 
unconditioned stimulus, different neural mechanisms may 
mediate the two responses to irradiation. Similarly the fail- 
ure of AP lesions to disrupt emesis in cats, in contrast to the 
effectiveness of the lesions in disrupting CTA learning in rats 
and emesis in dogs and monkeys, may be due to species 
differences (e.g., [18]), in the role of the AP in mediating 
these behaviors and to the fact that CTA learning is typically 
studied in rats which are incapable of vomiting. 

The present experiments were designed to evaluate the 
role of the AP in radiation-induced emesis in the cat and its 
relationship with CTA learning under conditions that might 
be expected to minimize the involvement of neural mech- 
anisms that are unrelated to the AP. These conditions in- 
volved the use of low dose (100 rad) irradiation for CTA 
learning and the use of head shielding for emesis. If the 
neural mechanisms of CTA and emesis involve similar AP- 
mediated mechanisms and if the dose and site of irradiation 
are critical factors in accounting for the failure to observe an 
effect of AP lesions on radiation-induced emesis in the cat, 
then AP lesions should be equally effective in disrupting both 
CTA learning and emesis under these experimental condi- 
tions. 


METHOD 
Subjects 


The subjects were 40 cats weighing 4.5—5.5 kg at the start 
of the experiment. Twenty intact cats served as subjects for 
the CTA experiment. An additional 3 intact cats and the 6 
sham-operated cats served as subjects for the emesis testing. 
All 11 cats with lesions of the AP participated first in the 
CTA experiment and then. 2-4 weeks iater, in the emesis 
experiment. The cats were housed in individual cages in a 
room with a 12:12) light:dark cycle. Food and water were 
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FIG. 2. Taste aversion learning in intact cats (A) and cats with 
lesions of the area postrema (B) following exposure to ionizing radi- 
ation (100 rads at a dose rate of 40 rads/min). Test day intake is 
presented as the percentage of conditioning day intake. Error bars 
indicate the standard error of the mean. 


continually available except as required by the experimental 
protocol. 


Surgery and Histology 


Lesions were placed in the AP of 11 cats while 6 cats 
served as sham operated controls. All surgery was per- 
formed under sterile conditions using the procedures de- 
tailed by Borison and his coworkers [1, 20, 21]. Briefly, the 
cats were anesthetized with halothane and the AP was ex- 
posed. The tissue was destroyed using a cautery probe under 
direct visual control. For the sham-operated controls, the AP 
was exposed but not cauterized. Following surgery, all cats 
were given 3-4 months to recover from the effects of the 
surgery before beginning behavioral testing. 

At the conclusion of the emesis testing, all operated cats 
were given an IV injection of T-61. They were then perfused 
intracardially with isotonic saline followed by 10% formalin 
saline. The brains were fixed in 10% formalin saline and 50 
fm sections were cut through the brainstem at the level of 





AREA POSTREMA AND EMESIS IN CATS 


TABLE 1 
EFFECTS OF RADIATION AND AP LESIONS ON CS INTAKE 


TABLE 2 
AP LESIONS AND RADIATION-INDUCED EMESIS IN CATS 





Conditioning Day 
Intake (ml) 


Test Day 


Condition Intake (ml) 





Intact 
Radiation 
Sham Exposure 
AP Lesion 
Radiation 


101.80 + 16.38* 
102.50 + 17.76 


50.25 + 13.60 
106.70 + 15.57 


76.00 + 12.63 97.56 + 12.88 





*Mean + Standard Error of the Mean. 


the AP and stained with thionin. Representative samples of 


the brainstem of an intact and a lesion animal are shown in 
Fig. 1. 


Procedure 


Taste aversions were established in cats using a modifi- 
cation of the procedure described by Kimeldorf ef al. [9]. 
Briefly, all cats were deprived of food and water starting 20 
hr prior to the conditioning day. On the conditioning day they 
were presented with a measured amount of the conditioned 
stimulus (CS), either milk flavored with 5% vanilla extract 
(v/v) or eggnog, for 1 hr, and their intake measured. In order 
to make certain that the cats had sampled a sufficient quan- 
tity of the CS to observe a CTA, any cat which did not show 
an intake of at least 15 ml of the CS was excluded from the 
experiment. Immediately following the drinking period, the 
experimental cats were exposed to ionizing radiation using a 
Co source. The sham-irradiated control cats were carried 
to the source, but not exposed. Four hr later, food and water 
were returned for 24 hr. Food and water were then removed 
for 20 hr before the test day. On the test day, the cats were 
again presented with the CS for 1 hr and intake recorded. 

For radiation-induced emesis, all cats were deprived of 
food and water for 24 hr. One hr prior to the scheduled 
exposure time, food and water were returned. The cats were 
then exposed to a Co source and returned to their home 
cages. All cats were monitored continually for emesis for 3—4 
hr post-irradiation and intermittently for an additional 1-2 hr. 
Those cats which did not vomit within this time period were 
typically allowed to survive over night and their cages were 
inspected for signs of emesis the following morning. All cats 
were sacrificed within 24 hr following irradiation. 


Radiation 


For radiation exposure, the cats were placed in a clear 
plastic restraining cage, and carried to a Co source. For the 
CTA experiment, the cats were given a whole-body unilat- 
eral exposure of 100 rads at a dose rate of 40 rads/min. For 
the emesis experiment, the cats were given unilateral, 
body-only exposures of either 4500 or 6000 rads at a dose 
rate of 450 rads/min. Shielding for the head was provided by 
combining lead bricks to a thickness of approximately 11 cm 
in an ‘‘L’’-shaped pattern, such that the shielding ran from 
the shoulder of the cat on the side facing the source around 
the front of the animal’s head. 

Dosimetry was performed using a 3.3 ml Victoreen 
chamber and using thermoluminescent detectors (LiF TLD 


Frequency Mean 
Dose of Latency 


Range 
Condition (rad) Emesis (min) 


(min) 





Intact 4500 106 
Sham Operated 6000 86 
F 4500 ; 124 

AP Lesion 6000 — 
4500 _ 


60-178 
52-120 
72-163 





100s) on a cat phantom. The dosimetry indicated that the 
shoulders of the cat received an exposure of 4.6% of the total 
dose, while at the base of the skull the exposure dropped off 
to 2.5% and at the nose of the cat it was 1.4% of the total 
dose. This means that for the 6000 rad irradiation, the 
brainstem was exposed to a dose of approximately 150 rads 
while the exposure level at the nose of the cat was only 80 
rads. Therefore, the brains of the subjects were only exposed 
to radiation doses well below the reported thresholds for 
eliciting radiation-induced emesis. 


RESULTS 


The effect of AP lesions on the acquisition of a radiation- 
induced CTA in cats is summarized in Fig. 2, which presents 
test day CS intake as the percentage of conditioning day CS 
intake. Exposing intact cats to 100 rads whole-body radiation 
produced a significant decrease in CS intake relative to their 
pre-exposure intake, 1(9)=5.42, p<0.001. In contrast, both 
the sham-irradiated intact control cats, 1(9)=1.26, p<0.10, 
and the irradiated cats with AP lesions, #(8)=1.74, p<0.10, 
showed nonsignificant increases in CS intake on the test day 
(Table 1). Analysis of the individual intakes of the irradiated 
cats indicated that 9 of the 10 intact cats showed a test day 
reduction in CS intake, while only 1 of the 9 cats with AP 
lesions showed a similar reduction in intake. 

The data on the effects of AP lesions on emesis produced 
by body-only irradiation are presented in Table 2. Of the 9 
control cats, all vomited within 3 hr following exposure to 
either 4500 or 6000 rad doses of ionizing radiation. The major 
difference between the two doses was the slightly shorter 
latency in which emesis was observed following exposure to 
the higher dose. There were no major differences between 
the responses of the cats that had undergone the control 
surgical procedures and those that had not. In contrast to the 
controls, no signs of emesis were observed in any of the 11 
cats with AP lesions. 

Examination of the histological material of the operated 
cats showed that the extent of the brainstem lesions was 
somewhat variable, ranging from lesions that were restricted 
to the AP to lesions that encompassed varying amounts of 
surrounding tissue, including portions of the nucleus of the 
solitary tract and the dorsal motor nucleus of the vagus. 
However, because the AP was the only brainstem structure 
that was consistently included within the region of tissue 
destruction across all 11 operated cats, it seems reasonable 
to infer that the disruption of the radiation-induced emesis by 
these lesions must have involved the destruction of the AP; 
although the participation of adjacent structures in this be- 
havior cannot be completely ruled out. 





DISCUSSION 


The present results on radiation-induced taste aversion 
learning in the cat are in agreement with previous research 
[9] showing that exposing cats to non-lethal levels of ionizing 
radiation is sufficient to lead to the acquisition of a CTA. In 
addition, these results clearly show that this behavioral re- 
sponse to ionizing radiation is mediated by the AP in the 
cat, as in the rat [12-14]. 

With regard to radiation-induced vomiting the present 
data similarly show that lesions involving the AP and adja- 
cent structures will disrupt the emetic response to ionizing 
radiation under experimental conditions that have been de- 
signed to minimize the involvement of brain mechanisms 
that may be independent of the AP. In the present experi- 
ment, these conditions were met by shielding the. head of the 
cat during irradiation. As such these results would be consis- 
tent with the hypothesis that the high dose of radiation 
needed to produce emesis in the cat, in contrast to the dose 
needed in the dog or monkey [5,10], may activate mechanisms 
that do not involve the AP in the regulation of the behvior. 
This observation would be consistent with the results of 
studies of CTA learning in the rat which have shown that AP 
lesions are less effective in disrupting the acquisition of a 
CTA when the radiation is restricted to the head of the or- 
ganism [15]. Similarly, other research using rats has shown 
that AP lesions are less effective in disrupting CTA learning 
when the dose of a toxin (WR-2721) is increased to levels 
much greater than required to produce a CTA [17]. 

These factors, the dose and site of irradiation, probably 
account for the differences between the present data and the 
data reported by Borison [1,11] who found that AP lesions 
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had no effect on radiation-induced emesis. In his experi- 
ments, high-dose, whole-body irradiation was used to 
produce emesis. These conditions might be expected to 
facilitate the involvement of mechanisms not restricted to the 
AP in the regulation of emesis. In contrast, the partial-body 
exposures used in the present experiments might be ex- 
pected to minimize the involvement of such factors. 

While some of the lesions in the present experiment did 
extend beyond the borders of the AP, it is not likely that this 
additional tissue destruction was a key factor in the observed 
disruption of radiation-induced emesis for several reasons. 
First, a comparison of the lesions which were restricted to 
the AP with those that included additional tissue indicated 
that there were no differences in the effectiveness of the 
different lesions in producing disruption of the radiation- 
induced emesis. Second, Harding et al. [8] have shown that 
the disruption of radiation-emesis in the dog does not depend 
upon the inclusion of brainstem tissue adjacent to the AP, 
but is also observed when the lesions are completely re- 
stricted to that structure. Therefore, it seems most likely that 
the disruption of radiation-induced emesis in cats observed 
in the present experiment resulted from the combination of 
the AP lesions with the partial-body exposures. 

The present results, which clearly show that lesions of the 
AP in cats disrupt both emesis and CTA learning following 
exposure to ionizing radiation, are consistent, therefore, 
with the hypotheses proposed above that both radiation- 
induced emesis and radiation-induced CTA learning are 
mediated by the same neural structure, the AP, and that the 
CTA paradigm can be used as a model system for the study of 
radiation-induced emesis. 


REFERENCES 


. Borison, H. L. Site of emetic action of X-radiation in the cat. J 
Comp Neurol 107: 439-453, 1957. 

. Borison, H. L. Ar-a postrema: Chemoreceptive trigger zone for 
emesis—is that all? Life Sci 14: 1807-1817, 1974. 

. Brizzee, K. R. Effect of localized brain stem lesions and sup- 
radiaphragmatic vagotomy on X-irradiation emesis in the mon- 
key. Am J Physiol 187: 567-570, 1970. 

. Carpenter, D. O., D. B. Briggs and N. Strominger. Behavioral 
and electrophysiological studies of peptide-induced emesis in 
dogs. Fed Proc 43: 2952-2954, 1984. 

. Chinn, H. L. and S. C. Wang. Locus of emetic action following 
irradiation. Proc Soc Exp Biol Med 85: 472-474, 1954. 

. Coil, J. D., R. C. Rogers, J. Garcia and D. Novin. Conditioned 
taste aversions: Vagal and circulatory mediation of the toxic 
unconditioned stimulus. Behav Biol 24: 509-519, 1978. 

. Garcia, J., P. S. Lasiter, F. Bermudez-Rattoni and D. A. 
Deems. A general theory of taste aversion learning. Ann NY 
Acad Sci 443: 8-21, 1985. 

. Harding, R. K., H. Hugenholz, M. Keany and J. Kucharezyk. 
Discrete lesions of the area postrema abolish radiation-induced 
emesis in the dog. Neurosci Lett 53: 95-100, 1985. 

- Kimeldorf, D. J., J. Garcia and D. O. Rubadeau. Radiation- 
induced conditioned avoidance behavior in rats, mice and cats. 
Radiat Res 12: 710-718, 1960. 

. Mattson, J. L. and M. G. Yochmowitz. Radiation-induced 
emesis in monkeys. Radiat Res 83: 191-198, 1980. 

. McCarthy, L. E., H. L. Borison and E. B. Douple. Radiation- 
induced emesis in cats prevented by 24-hr prior exposure but 
not ablation of the area postrema. Abstract of paper presented 
at the 33rd Meeting of the Radiation Research Society, Los 
Angeles, CA, 1985. 

- Ossenkopp, K.-P. Taste aversions conditioned with gamma 
radiation: Attenuation by area postrema lesions in rats. Behav 


Brain Res 7: 295-305, 1983. 

13. Ossenkopp, K.-P. and L. Giugno. Taste aversions conditioned 
with multiple exposures to gamma radiation: Abolition by area 
postrema lesions in rats. Brain Res 346: 1847, 1985. 

14. Rabin, B. M., W. A. Hunt and J. Lee. Attenuation of radiation- 
and drug-induced conditioned taste aversions following area 
postrema lesions in the rat. Radiat Res 93: 388-394, 1983. 

. Rabin, B. M., W. A. Hunt and J. Lee. Effects of dose and of 
partial body ionizing radiation on taste aversion learning in rats 
with lesions of the area postrema. Physiol Behav 32: 119-122, 
1984. 

. Rabin, B. M., W. A. Hunt and J. Lee. Recall of a previously 
acquired conditioned taste aversion in rats following lesions of 
the area postrema. Physiol Behav 32: 503-506, 1984. 

. Rabin, B. M., W. A. Hunt and J. Lee. Effect of area postrema 
lesions on taste aversions produced by treatment with WR-2721 
in the rat. Neurobehav Toxicol Teratol 8: 83-87, 1986. 

. Rabin, B. M., W. A. Hunt, A. C. Bakarich, A. L. Chedester and 
J. Lee. Angiotensin II-induced taste aversion learning in cats 
and rats and the role of the area postrema. Physiol Behav 36: 
1173-1178, 1986. 

. Smith, J. C., J. T. Blumsack, F. S. Bilek, A. C. Spector, G. R. 
Hollander and D. L. Baker. Radiation-induced taste aversion as 
a factor in cancer therapy. Cancer Treat Rep 68: 1219-1227, 
1984. 

. Tron, C. D., J. A. Riancho and H. L. Borison. Lack of protec- 
tion against oubain cardiotoxicity after chronic ablation of the 
area postrema in cats. Exp Neurol 85: 574-583, 1984. 

. Wang, S. C. and H. L. Borison. The vomiting center: A critical 
experimental analysis. Arch Neurol Psychiat 63: 928-941, 1950. 

. Wang, S. C., A. A. Renzi and H. I. Chinn. Mechanisms of 
emesis following X-irradiation. Am J Physiol 193: 335-339, 
1958. 





Physiology & Behavior, Vol. 37, pp. 819-825. Copyright © Pergamon Press Ltd., 1986. Printed in the U.S.A. 003 1-9384/86 $3.00 + .00 


Dose-Related Response of 
Male Rats to Apomorphine: 
Snout Contact in the Open-Field! 


CHARLES H. M. BECK,* HAU L. CHOW? AND STEVEN J. COOPER# 


*Department of Psychology, Biological Sciences Building, University of Alberta 
Edmonton, Alberta T6G 2E9, Canada 
+Department of Educational Psychology, University of Alberta 
Edmonton, Alberta, T6G 2E!1, Canada 
tDepartment of Psychology, University of Birmingham, P.O. Box 363 
Birmingham B15 2TT, United Kingdom 


Received 31 October 1985 


BECK, C. H. M., H. L. CHOW ANDS. J. COOPER. Dose-related response of male rats to apomorphine: Snout contact 
in the open-field. PHYSIOL BEHAV 37(5) 819-825, 1986.—Apomorphine (0.01 to 5 mg/kg, SC) was administered to male 
rats observed singly in the open-field. The behavior of each rat was coded using a microprocessor during 3 preinjection and 
9 postinjection trials of 6 min duration over a 2 hr session. The behavior categories included grooming, yawning, turning, 
nodding and gnawing, as well as snout contact and nonsnout contact variants of locomoting, rearing and sitting. Dose- 
dependent increases in the time spent in snout contact with the field surface were noted throughout the complete dose 
range. Both the peak and duration of the snout contact epoch increased with the dose of apomorphine. The integrated time 
spent in all types of snout contact proved to be the best behavioral measure for discriminating between doses of apomor- 


phine even though the topography of snout contact response changed as a function of the dose. 


Apomorphine Dose-response Snout contact 


Stereotypy Rats 





RATS administered apomorphine maintain close snout con- 
tact with horizontal and vertical surfaces of the test appara- 
tus [20]. In a comparison of two substrains of rats it was 
observed that the effects of apomorphine were similar in 
terms of a measure of time spent in snout contact, but that 
the substrains differed in their response to apomorphine on 
measures of climbing and oral activity. For doses of 
apomorphine of 1.25 mg/kg and greater, the induction of 
close snout contact with the surfaces of the test apparatus 
provided the best behavioral index of the quantitative effects 
of apomorphine over a range of doses [20]. 

Discontinuities in the behavioral effects of apomorphine 
have often been noted. Thus, at low dose levels (less than 1.0 
mg/kg) apomorphine induces a set of responses which in- 
clude yawning, stretching, penile grooming, chewing move- 
ments and hypomotility [8, 10, 14, 15, 18, 19]. At high doses 
apomorphine induces forms of stereotyped behavior which 
include gnawing, climbing and hyperactivity [5, 9, 13]. These 
behavioral discontinuities have been interpreted as effects 
mediated by different dopamine receptor subtypes [2, 4, 7]. 

It becomes important, therefore, to determine if the rela- 
tionship between the time spent in snout contact and 
apomorphine dosage [20] extends to a range of doses which 
are lower than those examined previously. The prinicipal 





aim of the present study was to investigate this possibility. If 
the conjecture proves warranted, then the snout contact 
measure could provide a single quantitative behavioral index 
of the effects of apomorphine over a wide range of doses. 
Doses covering the range 0.01 to 5.0 mg/kg were included in 
the present study. Since snout contact behavior can occur in 
conjunction with other behavior, for example rearing or 
locomotion, a second aim pursued here was to determine if a 
particular behavioral context would help to provide a more 
discriminating dose-related measure of apomorphine’s ef- 
fect. Hence, the occurrence of snout contact was observed 
in relation to other activities of the rats. It was expected that 
a detailed observational analysis of the behavior of the rats 
following apomorphine administration would reveal not only 
monotonic dose-response relationships, but also examples of 
behavorial discontinuities where qualitative changes oc- 
curred with increasing doses of the drug. In summary, the 
overall aim was to distinguish between quantitative and 
qualitative behavioral changes for the range of apomorphine 
doses used. 
METHOD 


Animals 


Seventy male rats of Sprague Dawley substrain, bred at 
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the University of Alberta animal facility, were housed indi- 
vidually beginning 2 weeks prior to the start of the experi- 
ment. The colony room was maintained at a temperature of 
19+1°C and 51+2% relative humidity. The lighting in the 
animal quarters was on between 08.00 and 20.00 hr each day. 
Food and water was available at all times except during test- 
ing, and the animals were adapted to handling and SC injec- 
tion with saline before testing [16]. The rats weighed 230-320 
g at the start of the experiment. 


Drug Treatments 


Apomorphine hydrochloride was dissolved in a vehicle of 
0.9% NaCl and 0.1% sodium metabisulphite immediately be- 
fore use. The animals were randomly assigned to one of 7 
injection groups of 10 rats each. Each group received one of 
the following SC injections: 1 ml/kg vehicle; 0.01 mg/kg 
apomorphine (Apo 0.01); 0.05 mg/kg apomorphine (Apo 0.05 
mg/kg); 1.25 mg/kg apomorphine (Apo 1.25); 5 mg/kg 
apomorphine (Apo 5). 


Apparatus and Test Procedure 


The test apparatus was a wooden open-field 55 cm by 55 
cm by 50 cm high, painted matt black. One wall of the arena 
was a one-way mirror to enable the observer to code the 
behavior of the rat. Sheets of clear Plexiglas 2 mm thick 
covered the floor and the walls. Over these sheets there were 
additional sheets of clear Plexiglas 6 mm thick into which 2.8 
cm diameter holes were cut. On the floor the holes formed a 
grid of 6X6 equidistant holes of which the 4 center holes 
were missing as in [12]. White lines divided the floor into 36 
squares. Two rows of 6 holes each were cut into the plastic 
covering each wall. Around each hole, the surface of the 
Plexiglas was roughened to give a gnawable substrate, form- 
ing an annulus with a 5.2 cm outside diameter. The open- 
field was illuminated by a 40 watt red light hung 90 cm above 
the floor. 

On the day of testing each rat was placed alone in the 
open-field for a 30 min preinjection session, was injected and 
then replaced in the open-field for a 90 min postinjection 
session. Three 6 min observation trials were run during the 
preinjection session and 9 during the postinjection session. 
The time between placing the animal into the arena and the 
start of the first observation trial was 2 min. The intertrial 
interval was 4 min. All testing took place between 08.00 and 
14.00 hr. Animals from different groups were counter- 
balanced for time of testing. 

The observer, who was blind to the injection condition, 
coded the rat’s behavior continuously throughout the obser- 
vation trials on a microcomputer while watching the rat 
through the one-way mirror. In coding the behavior, a dis- 
tinction was made between snout contact and nonsnout con- 
tact. Snout contact was defined as a scanning movement of 
the head with the snout no more than 3 mm above the surface 
[20]. Scanning was defined as continuous irregular weaving 
movements of the head with both lateral and rostrocaudal 
components of movement. Nonsnout contact was coded if 
the rat’s head was elevated above the surface while scanning 
or was not scanning as for example when at rest. Further- 
more, the snout contact (sc) and nonsnout contact (nsc) dis- 
tinction was used to discriminate types of locomotion, rear- 
ing, and being still. 

Thus, the 12 behavior categories used in the coding were: 
locomote-nsc, front and hind paws crossing one line on the 
floor grid while engaging in nsc; locomote-sc, the same but 


BECK, CHOW AND COOPER 





engaging in sc; rear-nsc, while engaging in nsc, raising the 
forequarters above the line drawn on the wall 8 cm above the 
floor; rear-sc, the same but engaging in sc; sif-nsc, sitting 
while engaging in nsc; sif-sc, sitting while engaging in sc, ex- 
clusive of nod or gnaw; nod, sitting while engaging in sc in 
which head movements in the rostrocaudal orientation were 
larger in amplitude than those in the mediolateral orienta- 
tion, exclusive of gnaw; gnaw, as in nod but accompanied by 
audible sounds of gnawing; turn, pivotting through 90° of arc 
without locomoting; groom, washing, licking or scratching 
face, penis or other parts of the body; chitter, chittering 
audibly; yawn, yawning. These behaviors comprised ah 
exhaustive and mutually exclusive set of coding categories 
used during the observation trials. In addition, the animals 
were observed continuously throughout the two sessions for 
the first instance of penile grooming and of body grooming. 
The latencies of these occurrences were recorded. 

Three composite categories were extracted from the data 
recorded under the coded categories. The composites and 
their coded behaviors were: total-nsc (locomote-nsc, rear- 
nsc, sit-nsc); total-sc (locomote-sc, rear-sc, sit-sc, nod, 
gnaw); nawd (nod, gnaw). 

Responses were defined as consecutive occurrences of a 
behavior. Bouts were defined as nonconsecutive occur- 
rences of a behavior. Five behavioral measures were used: 
response rate (RR), the number of responses per min of time 
spent performing the behavior in a trial, computed for nod 
and gnaw; bout frequency (BF), the number of bouts per 
trial, computed for all behaviors (except penile groom); bout 
duration (BD), the mean duration in seconds of the bouts in a 
trial, computed for all behaviors except chitter, yawn, and 
penile groom; bout latency (BL), the mean latency in sec- 
onds of the first bout in a session, computed for penile groom 
and groom; percent time (PT), the percent of total time in a 
trial devoted to a behavior, computed for all behaviors ex- 
cept chitter, yawn, and penile groom. Test-retest and in- 
terobserver agreement, assessed by an independent ob- 
server's coding of rat behavior from videotapes was in the 
81% to 98% range. 

BDMP and SPSS programs were used for all computa- 
tions. RR scores, BF scores, PT scores, BL scores and BD 
scores (transformed X = square root X + 1) were subjected 
to within session two-way ANCVA with one repeated meas- 
ure for groups by single trials and for groups by 3-trial 
blocks. Tukey tests and Mann-Whitney U tests were used to 
assess group differences within trials and within 3-trial 
blocks and to assess trial differences within groups. All ef- 
fects described as significant in the results are p<0.05. 


RESULTS 


BF and BD measures produced similar patterns of signifi- 
cant effects to those of PT. Hence the data presented are 
restricted to PT except for instances where noteworthy 
differences in the data for the three measures occurred. Chit- 
ter and yawn occurred for such brief duration that only the 
BF data will be presented. 

In the preinjection session there were no statistically sig- 
nificant dose main effects or group x trial interactions for the 
PT measure of any behavior category. Therefore the mean 
values for each behavior on each preinjection trial were av- 
eraged across injection groups and are shown/'for selected 
behaviors in Figs. 1-4. Significant trial main effects for the 
PT measure in the preinjection session were obtained for 
locomote-nsc, rear-nsc, sit-nsc, locomote-sc, rear-sc, sit-sc, 
total-nsc, total-sc, turn, and groom. 
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POST INJECTION TRIALS 
FIG. 1. Mean percent time of locomote-nsc, rear-nsc, and sit-nsc in 
the preinjection session for all rats (n=80) and in the postinjection 
session for 7 groups (n=10): vehicle (filled circles), Apo 0.01 (open 
circles), Apo 0.05 (filled squares), Apo 0.125 (open squares), Apo 
0.25 (filled triangles), Apo 1.25 (open triangles), Apo 5 (filled dia- 
monds). Means which are not linked by the same dotted line are 
significantly different (Tukey test p<0.05). Dotted lines to the left 
of trials 2, 5, and 8 represent the comparison of groups over 3-trial 
blocks, i.e., trials 1-3, 4-6, and 7-9 respectively. The dotted lines to 
the left of trial 1 represent the comparison of groups in trial 1. S.E.s 
are less than 15% of mean values. 





Comparisons between trials in the preinjection session for 
each behavior category using the Tukey test supported the 
trial effects apparent in Figs. 1-4. Specifically, sc behaviors 
declined over trials, as did locomote-nsc and rear-nsc, 
whereas sit-nsc, total-nsc and groom increased over trials. 
Turn increased only in the last trial. The BF pattern differed 
from the PT pattern of significant Tukey results in that signif- 
icant declines rather than increases in sit-nsc and total-nsc 
occurred (data not presented). BD showed the same pattern 
of trial effects in the preinjection session as did PT. There 
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FIG. 2. Mean percent time of locomote-sc, rear-sc, and sit-sc in the 
preinjection session for all rats (n=80) and in the postinjection ses- 
sion for 7 groups (n=10): vehicle (filled circles), Apo 0.01 (open 
circles), Apo 0.05 (filled squares), Apo 0.125 (open squares), Apo 
0.25 (filled triangles), Apo 1.25 (open triangles), Apo 5 (filled dia- 
monds). Means which are not linked by the same dotted line are 
significantly different (Tukey test p<0.05). Dotted lines to the left of 
the trials 2, 5 and 8 represent the comparison of groups over 3-trial 
blocks, i.e., trials 1-3, 4-6 and 7-9 respectively. The dotted lines to 
the left of trial 1 represent the comparison of groups in trial 1. S.E.s 
are less than 15% of mean values. 


were no significant preinjection trial effects for the BF of 
chitter or yawn, or for the bout latency of penile groom or 
groom. 

Wilcoxon test comparison of the PT of sc and nsc behav- 
iors within trials showed that in the first trial there was more 
locomote-sc than locomote-nsc, more rear-nsc than rear-sc, 
and more sit-sc than sit-nsc. In the third trial there was more 
sit-nsc than sit-sc. 

The significant F values of main effects and interactions, 
their significance levels and the interpretations of significant 
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FIG. 3. Mean percent time of nod, gnaw, and total-sc in the prein- 
jection session for all rats (n=80) and in the postinjection session for 
7 groups (n= 10): vehicle (filled circles), Apo 0.01 (open circles), Apo 
0.05 (filled squares), Apo 0.125 (open squares), Apo 0.25 (filled 
triangles), Apo 1.25 (open triangles), Apo 5 (filled diamonds). Means 
which are not linked by the same dotted line are significantly differ- 
ent (Tukey test p<0.05). Dotted lines to the left of trials 2, 5, and 8 
represent the comparison of groups over 3-trial blocks, i.e., trials 
1-3, 4-6, and 7-9 respectively. The dotted lines to the left of trial 1 
represent the comparison of groups in trial 1. S.E.s are less than 15% 
of mean values. 


Tukey test comparisons of groups are presented in the fol- 
lowing paragraphs for the PT of specific behaviors in the 
postinjection session. The only deviation from the pattern of 
PT effects for the BF and BD measures was that the BD of 
groom was not significant. 

Locomote-nsc produced a nonsignificant group effect, a 
significant trial block effect, and interaction. The PT of 
locomote-nsc in control animals was not different from 
animals treated with 0.01 mg/kg apomorphine but was 
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FIG. 4. Mean percent time of nawd, turn, and groom in the preinjec- 
tion session for all rats (n=80) and in the postinjection for 7 groups 
(n=10): vehicle (filled circles), Apo 0.01 (open circles), Apo 0.05 
(filled squares), Apo 0.125 (open squares), Apo 0.25 (filled triang- 
les), Apo 1.25 (open triangles), Apo 5 (filled diamonds). Means 
which are not linked by the same dotted lines are significantly differ- 
ent (Tukey test p<0.05). For nawd and turn, the dotted lines to the 
left of trials 2, 5 and 8 represent the comparison of groups over 3 trial 
blocks, i.e., trials 1-3, 4-6, and 7-9 respectively. For groom the 
dotted lines to the left of each trial represent group comparisons 
within the specific trial. S.E.s are less than 15% of mean values. 


greater than that of all other groups on trial 1 (Fig. 1). All 
rear-nsc and sit-nsc effects were significant. On trials 7-9, 
rear-nsc of Apo 1.25 rats did not differ from that of Apo 5 
rats but was greater than that of all other groups (Fig. 1). 
Sit-nsc showed a dose-related effect as greater doses of 
apomorphine delayed the return of nsc (Fig. 1). The percent- 
age was computed of the 189 possible comparisons of the 
seven groups within the nine trials of the postinjection ses- 
sion, which were significant by the Tukey test. This percent- 
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age of significant comparisons for each behavior was used as 
a measure of the degree to which each behavior descrimi- 
nated the responses of the injection groups. Sit-nsc produced 
a greater percentage of significant Tukey test comparisons of 
the groups than did any other coded behavior, i.e. , 64% were 
significant. 

All effects for locomote-sc and sit-sc were significant 
whilst only trial blocks was significant for rear-sc. 
Locomote-sc and sit-sc showed a greater initial rise and a 
more gradual decline with increasing doses of apomorphine 
(Fig. 2). Fifty-four percent of the PT of sit-sc comparisons 
and 50 percent of the BF of locomote-sc comparisons were 
significant. These were the second and third highest percent- 
age of all measures of all behaviors. 

All nod and gnaw effects were significant. Nod increased 
only in Apo 1.25 and Apo 5 rats and was more prolonged in 
Apo 5 rats (Fig. 3). The decline in nod of Apo 5 rats in mid- 
session was concurrent with the peak in their gnawing activ- 
ity (Fig. 3). 

The composite categories total-sc and nawd produced 
significant interaction and main effects. Total-sc showed a 
clear dose-effect relationship, increasing to a greater level 
and continuing for a longer duration with increasing doses 
(Fig. 3). The same pattern of significant F values and the 
complementary pattern of significant Tukey effects was ob- 
tained for total-nsc (not shown). Sixty-five percent of the 
Tukey comparisons of groups within trial blocks for total-sc 
were significant. Nawd showed a similar dose-effect rela- 
tionship to that of total-sc for the two highest doses except 
that the increase was delayed (Fig. 4). 

The F values for turn and groom were all significant. Turn 
was initially higher and subsequently more prolonged at 
higher doses of apomorphine (Fig. 4). Groom was initially 
suppressed in all groups treated with apomorphine (trial 4, 
Fig. 4). Recovery of groom occurred in successively later 
trials as a function of increasing doses of apomorphine. The 
mean+S.E. of the latency(s) of body grooming for each 
group was: control, 315+ 152; Apo 0.01, 632+ 148; Aop 0.05, 
$85+115; Apo 0.125, 1325+112; Apo 0.25, 2029+66; Apo 
1.25, 3575+157; Apo 5, 4589+90. An ANOVA revealed a 
significant F for groups. Tukey tests showed that the control, 
Apo 0.01 and Apo 0.05 groups did not differ whilst the re- 
maining groups were different from each other and the 
forementioned two groups. Penile grooming was observed in 
one control rat, four Apo 0.01 rats, five Apo 0.05 rats, eight 
Apo 0.125 rats, and four Apo 0.25 rats. The latencies of 
penile grooming(s) did not differ among the groups (overall 
mean+S.E. = 503+124). 

Rates of nodding and gnawing were computed from the 
data on the number of consecutive nods (or gnaws) per min 
of nodding (or gnawing) time. No significant differences 
were found between nod rates of Apo 5 and Apo 1.25 rats 
and gnaw rates of Apo 5 rats. As an example, in trial 3, the 
nod rate (mean+S.E.) for Apo 1.25 was 37+6 nods/min, for 
Apo 5 was 34+8 nods/min and the gnaw rate for Apo 5 rats 
was 31+5 gnaws/min. 

Figure 5 shows the mean dose-related response averaged 
across all nine postinjection trials for PT, BF, and BD of 
locomote-sc, sit-sc, total-sc, sit-nsc, and nawd. 


DISCUSSION 


The data for the preinjection session reflected the typical 
pattern of initial exploration followed by increased immobil- 
ity which rats display in an unfamiliar open-field [1,11]. Over 
this half-hour session locomotion and rearing progressively 
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declined while grooming increased. The present data show 
for the first time that the time spent in snout contact also 
declined over the habituation session. The decrease in snout 
contact followed from decreases in both the bout duration 
and the bout frequency of the three snout contact categories, 
locomote-sc, rear-sc, and sit-sc. There was initially less nsc 
than sc of locomote and sit, and more nsc than sc of rear. 
The time spent in nsc increased over trials. This was entirely 
due to an increase in sit-nsc because locomote-nsc and rear- 
nsc decreased over trials. The increase in time spent in sit- 
nsc was a consequence of an increase in bout duration, and 
in spite of a decrease in bout frequency. Thus the initial 
exploration of the open-field by the rat was characterized by 
intensive scanning of the surfaces of the floor and walls with 
less frequent scans of remote features except in the rearing 
mode. The intermediate phase of exploration was charac- 
terized by roughly equal time spent in sc and nsc investiga- 
tion. In the final phase, sitting with the head up was the 
predominant alert posture. These systematic changes pro- 
vide unexpected evidence for the ecological validity of the 
concept of snout contact and further suggest that reliable 
differences in snout contact may be found in studies of dif- 
ferent types of investigative behaviors [1,11]. 

Hypomotility follows treatments with small doses of 
apomorphine [10,18]. The present study extended this ob- 
servation and revealed that early in the postinjection session 
0.05 mg/kg of apomorphine induced a specific decrease in 
locomote-nsc, but not in locomote-sc. Hence, a general de- 
crease in locomotion did not occur, and instead apomorphine 
produced a selective reduction in locomotion which oc- 
curred in the absence of snout contact. Yawning and penile 
grooming were also affected by small doses of apomorphine 
in keeping with previous reports [14,15]. Apomorphine at 
0.05 and 0.125 mg/kg increased these behaviors over the first 
three trials. 

Over a dose range of 1.25 to 20.0 mg/kg, apomorphine 
caused rats to maintain uninterrupted snout-to-surface con- 
tact for increasing periods of time [20]. This was confirmed 
in the present study for doses of 1.25 and 5.0 mg/kg. How- 
ever, for low doses (0.01 to 0.25 mg/kg), nonsnout contact 
was present throughout the time course of the drug. If an 
uninterrupted measure of snout contact had been used, 
apomorphine would have appeared to have been without ef- 
fect at lower doses and the latency of grooming would have 
been of limited value as a terminal marker. If, however, the 
percent time spent in snout contact is cumulated across all 
instances of snout contact, a dose dependent effect may be 
demonstrated. This relation is represented by an area- 
under-the-curve function, i.e., the integral of the time spent 
in snout contact. An approximation to this ogival function is 
illustrated ir “ig. 5. Further, comparing the grooming laten- 
cies with the .ntegrated PT of snout contact shows a consis- 
tent relationship across the dose range (r=+0.78, p<0.01). 
In sum, integrated percent time in snout contact provides a 
measure of the continuity of apomorphine effects across a 
broad range of doses. 

In the present study, a comparison of the types of snout 
contact elicited by apomorphine showed that the composite 
categroy total-sc provided the best single measure of the 
apomorphine dose-response relationship. By way of con- 
trast, the PT of locomote-sc failed to discriminate dose ef- 
fects above 0.25 mg/kg, rear-sc failed to differentiate be- 
tween any of the apomorphine doses and sit-sc deviated from 
an orderly pattern at higher doses. Thus, in agreement with 
[20] the best single behavioral category for measuring dose- 
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FIG. 5. Mean percent time, mean bout frequency, and mean bout duration averaged over the nine trials of the 
postinjection session for 7 dose injection groups (n= 10) on 5 behavior categories: locomote-sc (open circles), 
sit-sc (filled circles), total-sc (open squares), sit-nsc (filled squares), and nawd (open triangles). 


related effects of apomorphine treatment is total snout con- 
tact, irrespective of any accompanying responses such as 
locomoting, rearing gnawing or nodding sterotypies. 

The latency to the beginning of body grooming has been 
used to indicate the end of the behavioral activation effect of 
apomorphine [20]. Our data suggest the refinement that the 
occurrence of body grooming is a sign of the waning of the 
behavioral activation effect, rather than an indication that it 
has ended altogether. Thus body grooming emerged later 
than the first instances of nonsnout contact but earlier than 
the last instances of snout contact (cf. Figs. 1-4). The laten- 
cies to penile grooming did not differentiate between low 
dose treatment groups, and so must be excluded from the 
body grooming measure when it is used to signal the end of 
the activation effect of apomorphine. In summary, therefore, 
the occurrence of body grooming (but excluding penile 
grooming) can serve as a reliable indication that the snout 
contact behavior which is induced by apomorphine is waning 
but not that it has ended completely. 

Earlier we suggested that the nodding response is an in- 
cipient form of gnawing [3]. Our present data add further 
support to this conjecture. Nodding and gnawing had similar 
time-courses and response rates. Nodding occurred at a 
lower dose of apomorphine than gnawing. When a nodding 
animal began to gnaw, the nodding response diminished as 
the gnawing increased. Gnawing, in turn, gave way to nod- 
ding at the end of the behavioral activation effect of apomor- 
phine. Furthermore nodding may appear instead of gnawing 


in rat substrains which show little oral activity induced by 
apomorphine [20]. 

The observations reported herein have important impli- 
cations for the behavioral assessment of apomorphine 
stereotypy. Studies utilizing scales of stereotypic intensity 
assume a constant level of stereotypy over time in saline 
treated animals [5, 6, 17]. The percent time of total-sc of the 
saline-treated rats changed with trials in the present study. 
This was the case even though the rats had been preadapted 
for 30 minutes. Measuring the change over trials was essen- 
tial for the accurate assessment of the rather brief effects of 
low doses of apomorphine. Scores on scales of stereotypic 
intensity are derived from the observer’s overall impression 
of the relative contributions of locomotion, sniffing, licking, 
and gnawing to the repetitive sequences of behavior. These 
scores fail to control levels at doses less than 1.0 mg/kg of 
apomorphine [6,17]. The use of percent time of integrated 
snout contact has the advantage of simplicity in observation 
over the use of the stereotypy scale, and increased sensitiv- 
ity for a broader dose range over the use of the measure, 
duration of uninterrupted snout contact. High and low doses 
of apomorphine produce different behavioral effects on cer- 
tain measures [5, 7-9], suggesting different underlying neu- 
rochemical actions at high and low doses of apomorphine [2, 
4, 6]. The present results indicate that it would be incorrect 
to conclude that high and low doses of apomorphine are 
confined to mutually exclusive modes of action. Further re- 
search is needed to identify the common mechanism. 
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BERNARDI, M., S. GENEDANI, S. TAGLIAVINI AND A. BERTOLINI. Effects on long-term sensitivity to pain and 
morphine of stress induced in the newborn rat by pain or manipulation. PHYSIOL BEHAV 37(5) 827-831, 1986.—Four 
times daily from postnatal day | to 15, rats were stressed either by being removed from the maternity cage (manipulation 
stress, MS) or by being placed on a hotplate at 55°C (pain stress, PS). When 70 days old, they were examined for sensitivity 
to pain and to the analgesic effect of morphine, and for brain opiate receptors. Pain sensitivity of MS and PS rats was not 
significantly different from that of controls. The analgesic activity of morphine, assessed by the hotplate test at 49°C, was 
significantly reduced in MS rats, while in PS rats it was similar to that in controls. *H-dihydromorphine binding studies 
performed on whole brain synaptic membranes showed a reduction in the maximum number of binding sites in both MS and 
PS rats; on the other hand, the affinity constant was higher in PS rats, while in MS rats it was similar to that of controls. 
These data show that the repeated stress of removal from the mother during the first 15 days of life induce a reduction in the 
number of brain opiate receptors with reduced activity of morphine, while in rats exposed to repeated removal stress 
associated with painful stimuli the reduction in the number of brain opiate receptors seems to be counterbalanced by their 


higher affinity. 


Pain Morphine Opioids Opiate receptors 


Development 


Neonatal manipulation 





EXPOSURE to a variety of stressful events or painful stim- 
uli including foot shock, swim stress, 2-deoxy-D-glucose, 
restraint, conditioned fear, electroshock, centrifugal rota- 
tion, cold water stress, inescapable shocks, and food depri- 
vation produces an analgesic reaction called stress-induced- 
analgesia (SIA) [1, 4-7, 9, 14-16, 21, 29, 30, 33]. On the other 
hand, it has long been known that, in humans, exposure to 
severely stressful situations attenuates pain sensitivity (e.g., 
soldiers injured on the battlefield rarely complain of pain 
from even the most serious wounds [3], and that noxious 
stimulations result in prolonged relief from experimental and 
pathological pain [2-3, 32]. 

A growing body c” evidence indicates that endogenous 
opioid systems are implicated, although separate non-opioid 
mechanisms are also evident (central cholinergic, 
serotoninergic, histaminergic) [21, 22, 29, 30], mainly de- 
pending on the temporal characteristics of the aversive 
stimulation [14]. 





An appropriate receptor stimulation is necessary for the 
proper ontogenetic development of the nervous system. As 
far as opioid neuronal systems are concerned, it has been 
described that chronic blockade of opiate receptors during 
early development affects future pain perception in mice [18] 
and that repeated painful stimuli during early development 
cause an increase in [*H}naloxone binding sites in rats [31). 
However, available data are rather contradictory. So, for 
example, both an increase and a decrease in the sensitivity to 
the analgesic effect of morphine have been described in adult 
mice and rats repeatedly exposed to stressful stimuli in the 
early postnatal life [2,18]. 

The obvious interest of the argument, and the conflicting 
literature, prompted us to study the influence of a repeated 
activation of the anti-nociception mechanisms (by two dif- 
ferent types of stress) during the period of greatest develop- 
ment of opiate receptors in the brain, on the subsequent 
sensitivity to pain and to the analgesic effect of morphine, as 
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well as on brain opiate receptors, in those animals when 
mature. 


METHOD 
Subjects 


Pregnant rats of a Wistar strain (Morini, S. Polo d’Enza, 
Reggio nell’Emilia, Italy), housed in single cages in air- 
conditioned, constant temperature (22+0.2°C) and humidity 
(60%) colony rooms under a natural light-dark cycle and with 
standard laboratory diet and tap water ad lib, were allowed 
to litter normally and nurture their offspring. 

They were checked twice daily for the presence of pups, 
and within 12 hr from parturition (postpartum day 0) litters 
were weighed and adjusted to 8 pups. Cages were cleaned at 
parturition but were subsequently left uncleaned until wean- 
ing (postpartum day 21). During this period they were in- 
spected once daily for the presence of dead pups, which 
were removed. 


Chemicals 


All chemicals used in the assay procedures were ana- 
lytical reagent quality, and purchased from commercial 
suppliers. *H-dihydromorphine (specific activity 86.8 
Ci/mmol) was purchased from New England Nuclear Cor- 
poration, Boston, MA. Morphine HCI was purchased from 
Salars, Como-Camerlata, Italy. The liquid scintillation 
cocktail was ACS from Amersham, IL. 


Treatment Protocol 


On day 14 of gestation the pregnant rats were divided into 
three weight-matched groups. 

From postpartum day 1 to 15, all the litters of the first 
group were removed from their cages four times daily, at 
90-min intervals, and placed for 5 sec on a copper plate kept 
at 38°C (=manipulation stressed, MS); all the litters of the 
second group were removed from their cages four times 
daily, at 90-min intervals, and placed for 5 sec on a copper 
plate at 55°C (=pain stressed, PS); all the litters of the third 
group were left undisturbed with their mothers (=controls, C). 


Assessment of Responses to Painful Stimuli and to 
Morphine 


When 70 days old, 28-29 rats were randomly taken from 
each group and tested by the hot-plate method for their sen- 
Sitivity to pain and to the analgesic effect of morphine. 

Testing was performed at two different temperature levels 
(49 and 55°C), using different rats. A cut-off time of 90 or 30 
sec (for a plate temperature of 49 or 55°C, respectively) was 
adopted. Baseline latency recorded within 30 min prior to 
morphine injection was compared to test latencies observed 
30, 60 and 90 min after treatment. The effect of morphine (15 
mg/kg/IP) was calculated as a percentage of the maximum 
possible effect (MPE) according to the formula (TL-BL/30 or 
90-BL) x 100 (TL=test latency; BL=baseline latency; 30 (or 
90)=cut-off time of 30 (or 90) secs [15]. 


Study of Brain Opiate Binding Sites 


From each group, 70-day-old rats not behaviorally tested 
for responses to painful stimuli and to morphine, were de- 
capitated and the brains, without cerebellum, were rapidly 
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removed. One brain was homogenized in 15 volumes of 0.05 
M tris buffer (pH=7.4) at setting 6 for 20 sec by a Polytron 
homogenizer; homogenates were pooled from 2-3 prepara- 
tions to eliminate biological variation among animals, and 
were then centrifuged at 40,000 x g for 10 min. The super- 
natant fluids were discarded, the pellets re-suspended in tris 
and, after incubation at 37°C for 45 min, submitted once 
again to centrifugation at 40,000 x g for 10 min. Each pellet 
was then homogenized in 3 vol of 0.32 M sucrose with 5 
strokes of a loose-fitting glass homogenizer. The membrane 
suspensions were stored at —20°C. 

For the binding assay, the membranes were thawed, then 
diluted 1:20 in tris buffer and gently stirred at room tempera- 
ture. The binding assay consisted of 1,800 yl taken from the 
membrane fraction (approximately 1.5 mg protein), 100 pl 
tris buffer or unlabelled ligand (1x 10-5 M) and 100 wl of 
labelled ligand (0.05 to 9 nM). After incubation at 25°C for 60 
min, the contents of each tube were rapidly filtered through 
Whatman GF’B filters; each filter was washed twice with 5 
ml ice-cold tris, dried and counted in 10 ml liquid scintillation 
cocktail. All binding assays were performed in duplicate. 

Specific binding was defined as the CPM in tubes contain- 
ing no unlabelled ligand minus the CPM in tubes containing 
1x10-° M unlabelled ligand. Proteins were assayed by the 
method of Lowry [23]. 


Data Analysis 


Data are presented as means+S.E. Binding data were 
processed by saturation curves and Schatchard plots. Sat- 
uration curve data were analysed by Student's /-test. 
Schatchard plots regression lines were compared two at a 
time by the f-test [19,26]. Statistical analysis of the other data 
was performed by ANOVA followed by multiple comparison 
test, using the least significant difference (LSD). 


RESULTS 
Sensitivity to Pain and to Morphine 


As shown in Table 1, pain sensitivity of rats neonatally 
stressed with either repeated daily handling (manipulation 
stressed, MS) or repeated noxious stimuli (pain stressed, 
PS), was not significantly different from that of unhandled 
rats. Likewise, the analgesic activity of morphine, assessed 
by the hot plate test at 55°C was similar in the three groups of 
animals. However, when the temperature of the plate was 
reduced to 49°C in order to increase the sensitivity of the test 
and so detect any possible difference more easily, morphine 
activity turned out to be significantly reduced in MS rats, 
both at 60 min [F(2,36)=3.69, p<0.05; LSD, .;=28.79; for 
comparison between MS and control group: p<0.05] and at 
90 min [F(2,36)=2.79, p>0.05; LSD» »;=23.72; for compari- 
son between MS and control group: p<0.05], while in PS rats 
it was similar to that of the controls. 


Study of Brain Opiate Binding Sites 


As far as brain opiate receptors are concerned, there was 
a reduction in the maximum number of binding sites in both 
MS, 1(8)=2.87, p<0.05, and PS, #(8)=3.26, p<0.05. On the 
other hand, the affinity constant was higher in PS rats, both 
when compared with controls (¢=5.18, p<0.001) and when 
compared with MS rats, (t=3.87, p<0.01), there being no 
significant difference between MS and controls (t=0.69). 


DISCUSSION 


We have evaluated the sensitivity to pain, the sensitivity 





NEONATAL PAIN AND MANIPULATION 


TABLE 1 


INFLUENCE OF REPEATED HANDLING (= REMOVAL FROM MATERNITY CAGE FOUR TIMES DAILY) OR OF REPEATED 
PAIN EXPOSURE (= HOT-PLATE AT 55°C FOR 5 SEC, FOUR TIMES DAILY) DURING THE FIRST 15 DAYS OF LIFE, ON 
SENSITIVITY TO PAIN AND TO MORPHINE IN 70-DAY-OLD RATS 





% increased in reaction latency (MPE)t 
at the following times after morphine 
Treatment Temperature Basal pain injection (15 mg/kg IP): 
(from postpartum of the plate threshold 
day 1 to 15) (°C)* (sec + S.E.) 
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Hot plate test. 
*No. of rats in parentheses. +See the Method section for details. 
tp<0.05 (ANOVA and least significant difference test) as compared with controls. 
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FIG. 1. Saturation curves and Scathchard plots for *H-dihydromorphine binding to brain synaptic membrane preparations from PS 
(A), MS (@) and control (O) rats. Data are means+S.E. of 5 experiments. Saturation curves (on the left): *p<0.05 (Student's 
t-test). Scatchard plots regression lines (on the right): PS compared with MS=p<0.01; PS compared with controls=p<0.001; MS 
compared with controls=p>0.05 (t-test). 
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to the analgesic activity of morphine and the characteristics 
of brain opiate receptors of rats which had been subjected to 
repeated manipulation stresses or to repeated painful stimuli 
during the first 15 days of extrauterine life. 

The results of this study indicate that: (a) pain sensitivity 
is neither affected by repeated neonatal manipulation nor by 
repeated neonatal pain exposure; (b) the analgesic activity of 
morphine, as assessed by the hot-plate test at 49°C, is signifi- 
cantly reduced in rats neonatally exposed to the repeated 
stress of manipulation, while in rats exposed to repeated 
painful stimuli it is similar to that of controls; (c) the number 
of opiate binding sites is reduced in both manipulated and 
pain-treated rats: however, in pain-treated rats the affinity 
constant is higher than in manipulated and in control rats. 

These last binding data account for the differences in 
morphine sensitivity: the higher affinity of the opiate binding 
sites in PS rats may compensate for their reduced number, so 
that the effect of morphine turns out to be similar in PS and 
control rats, while being reduced in MS rats. 

Previously, Bardo et al. [2] had shown that daily exposure 
to inescapable foot-shock during development produces a 
decrease in the analgesic efficacy of morphine, without af- 
fecting the normal ontogeny of opiate receptors when meas- 
ured using [*H]naloxone-binding in rats. On the other hand, 
Torda [31] found an increase in [*H]naloxone-binding in rats 
placed daily on a hot-plate during early development com- 
pared with rats reared under near physiological conditions, 
while Larson [18] showed that chronic stress, produced in 
mice by the subcutaneous injection of saline twice daily, 
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Editorial 


The introduction of the new Software Survey Section to 
Physiology & Behavior is to encourage the open exchange of 
information on software programs unique to our professional 
field. With the rapid penetration of computers into academic 
and industrial institutions has come a parallel increase in the 
number of scientists and researchers designing their own 
software. The existence of much of this software remains 
unknown to even those of us who could most benefit from its 
use. We believe that it is of vital importance to our readers 
that such information be made available. We believe also 
that a professional journal is the best place to share such 
information. Your contribution would be most welcome. 

The questionnaire on the following page is designed to 
assist you in reporting on software that you may have devel- 
oped or be in the process of developing. By completing this 
form, your information will reach thousands of your col- 
leagues who may benefit from your work and may possibly 
offer suggestions for further enhancements to your software. 
Please complete the enclosed form and return it to: 


Dr. Matthew J. Wayner 

Division of Life Sciences 

The University of Texas at San Antonio 
San Antonio, Texas 78285 


We do not intend to review or comment on the contents of 
the questionnaire. It will be published as is, in the next avail- 
able issue, in order to expedite the information cycle proc- 
ess. | would welcome any comments you may have. 
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SOFTWARE DESCRIPTION FORM 


Title of Software Package: 











Itis:[ ] Application Program [ ] Utility [ ] Other 
Specific Area: (e.g., Thermodynamics, Inventory Control) 
Software developed for [name of computer(s)] 
in [language(s)] to run under [operating system] 
endl and is available in the following media: 
[ ] Floppy Disk/Diskette Specify: 

Size Density [ ] Single siding [ ] Dual siding 
[ ] Magnetic Tape Specify: 

Size Density Character set 
Distributed by: 
Minimum Hardware Configuration Required: 
Required Memory: 
User Training Required: [ | Yes [ ]No 
Documentation: 
[ ] None [ ]Minimal [ J]Self-documention [ ] Extensive External Documentation 
Source Code Available: [ | Yes [ ]No 
Level of Development: 

[ ] Design Complete [ ] Coding Complete [ ] Fully Operational 

[ ] Collaboration would be welcomed 
Is software being used currently? [ ] Yes [ ]No 
If yes, how long? 
If yes, how many sites? 

Contributor is available for user inquiries? [ |] Yes [ ] No 
Description of what Software does [200 words]: 





























Potential Users: 
Fielcs of Interest: 
Name of Contributor: 
Institution: 
Address: 




















Telephone Number: 
Reference number [Assigned by Journal Editor] 
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LEVINE, A. S., J. E. MORLEY AND L. RAIJ. Opiates and the anorexia of uremia. PHYSIOL BEHAV 37(6) 835-838, 
1986.—Uremia results in a decrease in food intake. In the present study we investigated whether opiates known to 
stimulate feeding would alter food intake in rats made uremic by | and 5/6 nephrectomy. Morphine increased food intake in 
sham nephrectomized rats, but failed to alter food intake in uremic animals and depressed the ingestion of rat chow in a 
group of weight restricted rats. Butorphanol tartrate increased feeding in sham and uremic animals but did not alter intake 
in the weight restricted group. Higher doses of butorphanol were needed to stimulate feeding in the uremic rats compared to 
the sham group, suggesting a relative resistance to opioid-induced feeding in the uremic rats. The opiate antagonist, 
naloxone, suppressed food intake in the uremic and sham groups more effectively than in the weight restricted rats. These 
data suggest that the opioid feeding system functions in a reduced fashion in uremic rats, but probably is not the sole factor 


involved in producing the anorexia associated with uremia. 


Opiates Uremia Butorphanol Morphine 


Eating 





A variety of gastrointestinal problems are associated with 
uremia, with the earliest symptom being that of anorexia 
which can eventually lead to cachexia [13]. The direct cause 
of anorexia is unknown, although various changes known to 
occur in the uremic state may alter food intake. For example, 
in uremia the blood levels of the anorectic peptide calcitonin 
[4,10] are high, probably due to a decrease in the clearance of 
calcitonin by the kidney [13]. Glucagon, a hormone shown to 
reduce food intake in rats, is also elevated in uremia [13]. 
Patients with chronic renal failure commonly have depressed 
levels of serum zinc [2]. Zinc deficiency in humans and ex- 
perimental animals is associated with poor growth, hypo- 
geusia and anorexia. 

The opioid peptides represent one group of neurotrans- 
mitters involved in feeding behavior in animals (see [8,12]). 
These regulatory peptides enhance feeding in rats as well as 
humans. Blockade of the opioid receptor suppresses food 
intake in many feeding models including spontaneous, 
stress-induced, starvation-induced, norepinephrine-induced 
and 2-deoxyglucose-induced feeding (see [8]). We have pre- 
viously demonstrated that zinc deficiency altered opioid re- 
ceptor affinity and the synthesis and/or release of the kappa 
opioid dynorphin [3]. In addition, we found that zinc defi- 
cient animals were relatively resistant to dynorphin-induced 
feeding. In the current study we evaluated the effect of 
opioid agonists and an opioid antagonist on food intake in 
uremic rats. 


METHOD 


Animals 


Male Sprague Dawley rats (n=73; King Laboratories) 
were housed in temperature controlled (23°C) rooms with a 





12 hour light/dark cycle (lights on 1900 hr). Animals were 
subjected to the appropriate surgeries at approximately two 
months of age and were placed into experimental treatment 
groups about one month following surgery or weight restric- 
tion. Following surgery rats were housed in individual cages, 
in which all feeding studies were conducted. 

A uremic state was produced by subjecting the rats to a 1 
and 5/6 nephrectomy according to techniques previously de- 
scribed [11]. Briefly, the rats underwent a right nephrectomy 
and ligation of two or three branches of the renal artery in the 
contralateral kidney. A sham group was produced by sub- 
jecting rats to laparotomy and manipulation of the renal 
pedicles. All rats were maintained on a standard rat chow 
diet (Purina Laboratory Chow). 

Blood was collected prior to and at sacrifice and analyzed 
for creatinine and blood urea nitrogen (BUN). Blood glucose 
was determined using a glucose oxidase method (Sigma 
Chemical Co., St. Louis, MO). Serum for zinc analysis were 
stored in polyethylene containers that had been previously 
soaked in a 1% solution and EDTA and deionized water, and 
then rinsed with deionized water to avoid zinc contamina- 
tion. Zinc concentrations were determined applying atomic 
absorption techniques using a Perkin-Elmer 2020 Atomic 
Absorption Spectrophotometer. 


Experimental Design 


Following surgery rats were weighed three time a week 
and food intake was measured during the lights on and lights 
off period. Three groups of rats were studied: nephrec- 
tomized (UREMIC), sham nephrectomy (SHAM) and sham 
nephrectomy, weight restricted (WR). The weight restricted 
animals were matched to the weight of the uremic animals by 
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FIG. 1. The effect of morphine on food intake in uremic, sham 
operated and weight restricted rats. *»<0.05. Number of rats per 
group is given in parentheses. 





60 min 120 min 
16r 16r 
e——e SHAMS 
[Xx UREMIC r 
12+ = 12+ 
8} 8+ 


Food Intake (gq) 






























Naloxone (mg/ kg) 


FIG. 3. The effect of naloxone on nocturnal food intake in uremic, 
sham and weight restricted rats. *»<0.05. Number of rats per group 
is given in parentheses. 


food restriction. At the time of experimentation, the weight 
restricted rats (325+4 g) were not significantly different in 
weight compared with the uremic animals (323+10 g). The 
effect of butorphanol tartrate (Bristol Laboratories, Syra- 
cuse, NY), morphine (Winthorp Laboratories, New York, 
NY) and naloxone (gift from E. I. Dupont De Nemours & 
Co., Inc., Wilmington, DE) on food intake was evaluated 
approximately one month after surgery. Butorphanol and 
morphine, known feeding stimulators, were administered to 
sated rats at 0900 hr over a period of three days for each 
compound. No rat received the same dose more than one 
time. To quantify food intake, a pre-weighed amount of 
Purina Laboratory Chow was placed in each rat cage. The 
rats received a subcutaneous injection of various doses of 
butorphanol tartrate (0.8, 1.6 and 8 mg/kg), morphine sulfate 
(1, 10 and 25 mg/kg), or the appropriate vehicle, and were 
returned to their home cages. Food intake was quantified 
over a six hour period (1, 2, 4 and 6 hours). The ability of 
naloxone (0.1, 1.0 and 10 mg/kg) to suppress food intake was 
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FIG. 2. The effect of butorphanol tartrate on food intake in uremic, 
sham operated and weight restricted rats. *p<0.05 (significantly in- 
creased), *p<0.05 (significantly decreased). Number of rats per 
group is given in parentheses. 





measured during spontaneous nocturnal feedings. Rats were 
injected with naloxone at 1845-1900 hours (just prior to lights 
on) and were returned to their home cages. Food intake was 
quantified as described above at 1 and 2 hours post-injection. 
Animals were sacrificed by decapitation at the completion 
of the feeding studies. The weight and nose to tail length of 
the animals were determined prior to decapitation and fol- 
lowing sacrifice the weights of the epidydimal fat pads, 
intrascapular brown fat and soleus muscle were recorded. 


Statistical Analysis 


All results are presented as mean+SEM. Data were com- 
pared using a two-way or one-way analysis of variance fol- 
lowed by the least significant difference test. 


RESULTS 


Morphine increased food intake 2 and 4 hours after injec- 
tion in the sham group. Morphine had no effect on food 
intake in the uremic animals, but decreased food intake in 
the WR group (Fig. 1). Butorphanol increased food intake in 
the shams at all time periods and by 2 hours at all adminis- 
tered doses (Fig. 2). Butorphanol increased food intake in 
the uremic animals only at the 1.6 mg/kg dose. Butorphanol 
depressed food intake in the weight restricted animals at all 
time points. Naloxone suppressed night time food intake in 
the uremic and sham groups at the 1 and 10 mg/kg dose, but 
only suppressed food intake in the weight restricted animals 
at the 1 mg/kg dose (Fig. 3). 

The BUN and creatinine values of nephrectomized rats 
were elevated compared with sham or weight restricted rats 
(Table 1). Uremic rats and weight restricted rats had similar 
weights. Both groups (UREMIC: 323+10 g WR: 325+4 g) 
weighed less than the sham controls (378+8; p<0.05). No 
differences in blood glucose values were observed between 
the experimental groups (SHAM: 144+3 g; UREMIC: 146+4 
g; WR: 144+3 g). Serum zinc values were depressed in the 
uremic rats compared with the shams and the weight re- 
stricted groups (UREMIC: 116.4+4.3 vs. SHAMS: 
151.9+6.7 vs. WR: 147.2+5.1 yg/dl; p<0.05). 

No differences in the percentage of total food intake in- 
gested during the light and dark periods of the diurnal feeding 
cycle were noted between uremic and sham rats (UREMIC: 
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TABLE | 


BLOOD UREA NITROGEN (BUN) AND SERUM CREATININE 
VALUES IN NEPHRECTOMIZED, SHAM AND WEIGHT 
RESTRICTED RATS! 





Bun 


Creatinine 





SHAM (21) 


UREMIC (20) 
WR (26) 


19.1 + 0. 
84.0 + 12.5* 
16.4 + 0. 


5 0.5 + 0.02 
1.8 + 0.2* 


5 0.6 + 0.01 





‘Values given at sacrifice. Prior 


to the feeding experiments, a 


subgroup of the nephrectomized rats were shown to be uremic 


(BUN: 67.1 + 1.8 mg/dl; Creatinine: 


*p<0.05. 


1.6 + 0.1 mg/dl). 


TABLE 2 


EFFECT OF NEPHRECTOMY ON THE LENGTH, BODY WEIGHT AND TISSUE WEIGHTS IN RATS 
COMPARED WITH SHAM AND WEIGHT RESTRICTED CONTROLS 





Length 


cm 


Weight 


Soleus 
mg/g BW 


BAT 
mg/g BW 


Epi/fat 


a mg/g BW 





SHAM* 


UREMIC 
WR 


F 


21 
20 
26 


3.15 


23.0 + 0.2% 385.5 + 5.8" 0.37 + 0.017 11.49 + 0.314 0.50 
22.7 + 0.3 336.2 + 9.2" 0.39 + 0.01% 8.00 + 0.51" 0.44 
22.2 + 0.2” 322.2 + 5.3” 0.43 + 0.01" 10.77 + 0.50* 0.53 


24.84 


0.04 
0.03 
0.04 


9.77 14.86 1.45 





*Superscripts in a line which differ from each other indicate significant differences. 


15+2% during light and 85+5% during dark period vs. 
SHAM: 19+2% during light and 81+4% during dark period) 
although the sham animals tended to eat slightly more total 
food (UREMIC: 18.6+1.9 g/day vs. SHAM: 21.4+1.8 
g/day). 

Body weight and nose to tail length were lower in uremic 
and weight restricted animals compared to the shams (Table 
2). As a percentage of body weight, no differences were 
noted in the weight of intrascapular brown adipose fat, or the 
soleus in shams compared with nephrectomized. Epidydimal 
fat pad weight was suppressed as a percentage of body 
weight in the nephrectomized group compared to the sham 
and weight restricted group. 


DISCUSSION 


Anorexia is one of the earliest symptoms of uremia [13]. 
The cause of this anorexia is unknown. In a groups of uremic 
rats we found that body weight and body length were de- 
pressed as well as epidydimal fat pad reserves when com- 
pared with the shams controls. Also, serum zinc values were 
markedly reduced in the uremic rats compared with the sham 
group. This zinc deficiency was not simply due to starvation 
as indicated by the fact that weight restricted controls were 
not zinc deficient. 

In the present study we evaluated the role of opioids in 
the anorexia of uremia. Both morphine [6], a mu opioid 
agonist, and butorphanol [5], a kappa-sigma mixed 
agonist/antagonist have been shown to increase feeding in 
rats during the light phase of the cycle. Butorphanol has been 
found to be more potent than morphine as a food enhancer in 
keeping with the concept that the kappa opioid receptor may 


play an important role in modulating food intake. Both mor- 
phine and butorphanol stimulated feeding in the sham ne- 
phrectomized rats. However, in the uremic rats morphine had 
no effect on food intake and butorphanol had a relatively 
small effect on food intake. The weight restricted rats, a 
group of rats which were chronically deprived of food, were 
unresponsive to the stimulatory effects of morphine and 
butorphanol on food intake. In fact, at some doses, these 
drugs depressed food intake, perhaps due to the well known 
sedative effects of opiates. It is possible that the opioids 
could not stimulate food intake in the weight restricted 
animals due to a ceiling effect. These data are compatible 
with previous reports that opiates depress feeding in starved 
animals in contrast to their food enhancing effects in rats 
during the daytime portion of the feeding cycle [7]. The 
opioid antagonist naloxone suppressed spontaneous food in- 
take in both the sham and uremic groups, whereas the chron- 
ically food deprived group was less responsive to naloxone’s 
suppressive effect on food intake. These data suggest that 
the opioid feeding system is partially intact in uremic rats 
and is not the only factor in the anorexia of uremia. Uremic 
animals, although they weighed the same as the weight re- 
stricted animals, could not detect their need for food. This is 
demonstrated by the large amount of food the weight re- 
stricted animals ate when presented with ad lib food at the 
onset of the light period, a time when normal rats eat only 
small amounts of food. Thus, a major feeding system opera- 
tive in the weight restricted rats, was not responsive in a 
normal fashion in the uremic rats. 

We have previously reported that zinc deficient animals 
are resistant to dynorphin-induced feeding [3]. This relative 
resistance to a kappa opioid agonist is in agreement with the 
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present data in which the co-existence of uremia and zinc 
deficiency resulted in a similar resistance to butorphanol 
(kappa opioid) induced food intake. Zinc inhibits the stereo- 
specific binding of enkephalinamide and zinc deficiency 
enhances the binding of naloxone to opiate receptors [3]. 
Thus, the zinc deficiency in uremic rats may modulate the 
opioid feeding system, playing a role in producing its de- 
creased responsiveness. 

However, many other changes which accompany uremia 
could result in anorexia. Circulating ‘‘toxins’’ as well as the 
altered hormone status of these animals could depress food 
intake [13]. The high blood levels of calcitonin could be re- 
sponsible, at least in part, for the reduction in feeding. Cal- 
citonin is a potent anorexic agent which has aversive effects 
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as measured by differential starvation methodology [1]. Cal- 
citonin has been shown to depress opioid-induced feeding 
and other stimulators of food intake (see [9]). 

Thus, we can conclude that the opioid feeding system is 
functioning in a substantially reduced fashion in uremic rats. 
In contrast, based on the findings with food deprived rats, 
another very potent feeding inhibitory system is abundant in 
the uremic animals. The findings of the present study are 
compatible with the concept that the anorexia associated 
with uremia is due to alterations in a number of feeding 
stimulants and suppressors. Although the present study does 
not identify a single cause of the anorexia associated with 
uremia, it suggests that pharmacological manipulation can 
stimulate the ingestion of food in uremic animals. 
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BRIESE, E. Circadian body temperature rhythm and behavior of rats in thermoclines. PHYSIOL BEHAV 37(6) 839-847, 
1986.—When normal adult rats were allowed to choose among different ambient temperatures in a thermocline they 
selected temperatures about 224° out of phase with their own intracranial temperature circadian oscillations. Without some 
subsidiary hypotheses, these results are difficult to reconcile with the idea that circadian body temperature rhythm is due to 


a cyclical shift in the set point temperature. 
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THE central temperature of endotherms oscillates with a 
period of circa 24 hours. These circadian oscillations are 
generally attributed to a shift in the set point [3, 5, 18, 28]. In 
other words they are considered to be regulated changes in 
body temperature, as distinct from other changes called 
‘forced,’ ‘‘resisted’’ or “‘unregulated’’ [14]. When workers 
in this field refer to the ‘‘shift in the set point’’ they tacitly 
assume one control system with one set point, dismissing 
other models of thermoregulation which assume two or mul- 
tiple set points or no set point at all [17, 22, 25, 26]. It is also 
assumed that the consequence of the set point shift must be a 
set of coherent orders to the effectors, both autonomic and 
behavioral [9, 10, 27, 30], to approximate the body tempera- 
ture to the new reference temperature. It should be remem- 
bered here that the set point is an abstraction, a concept, and 
consequently, it cannot be directly measured. Its values and 
shifts can only be inferred from the direction of the thermo- 
regulatory responses compared with the changes in body 
temperature. In an experimental context the problem is 
posed only in one way: is a given change in the body tem- 
perature due to a shift in the set point, or does it represent, in 
control theory terms, a disturbance? For instance, given an 
increase in the body temperature accompanied by heat pro- 
duction and conservation responses, an upward shift of the 
set point can be inferred. If, on the contrary, the body tem- 
perature increase coincides with heat loss responses, it must 
be considered as a disturbance that the thermoregulatory 
system counteracts in order to return the body temperature 
to as near the reference temperature as possible. This theory 
has been used since 1871 [17] to explain the mechanism and 
features of fever and has therapeutic implications in 
medicine [32]. However, the assumption that normal circa- 
dian oscillations of body temperature of endotherms are due 
to a cyclical shift in the set point has been experimentally 
verified only in a few instances [6, 8, 20, 31]. “‘One of the 
easiest ways to determine whether a body temperature 





change represents a change in set point is to measure the 
thermally reinforced responses that accompany it’’ [28]. To 
measure thermally reinforced responses there are two prin- 
cipal methods: (1) placing the animals in a relatively stressful 
or unpleasant ambient temperature (Ta) where their be- 
haviour may modify the environmental temperature toward a 
more comfortable level, (2) placing the animals in a tempera- 
ture gradient where they can select a preferred Ta [16]. This 
last method was used in the present study because it permits 
recording the hypothalamic temperature (Thy) and the pre- 
ferred Ta continuously during several circadian cycles with- 
out introducing traumatic or stressful conditions and without 
disturbing the animal. It must be made plain that selection of 
a Ta in a thermal gradient compared with the change of the 
actual body temperature allows us to deduce the approx- 
imate level of the set point even if the selected Ta does not 
effectively modify the body temperature. The situation is 
similar to that of the experiment by Cabanac, Massonnet and 
Belaiche [7], in which the subject could change the tempera- 
ture of a bath in which his arm was immersed while the deep 
body temperature was modified by the experimenter. The 
change in hand temperature was not sufficient to change 
deep body temperature but from these data the set point 
position could be deduced. 

According to the accepted view I expected the rats to 
prefer a warmer environment while their body temperature 
rose and a cooler one while it descended. However the 
animals did the opposite: the behavioral thermoregulatory 
responses were more than 180° out of phase with the circa- 
dian temperature oscillations. The rats sought a cold en- 
vironment at night when their body temperature was high 
and a warm one during the day when their body temperature 
was low. 


METHOD 


The general method used was to record during several 
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FIG. 1. Thermocline with 3 compartments. The entire enclosure was 
usually placed in a controlled temperature room (Forma Scientific, 
Inc.). The posterior wall of each compartment was a heat exchanger 
(from a car heater). One blower forced air through the three heat 
exchangers so as to have the same flow of air through the three 
compartments. Water from one or two thermostatically controlled 
temperature baths circulated through either one or both end heat 
exchangers. The middle compartment was at the same temperature 
as that of the room. Note that the animal was on an elevated floor 
and thereby the air flowed over and underneath it. 


FIG. 2. Two compartments thermocline with two heat exchangers and two running 
wheels assembled from Wahmann activity cages. The activity wheels were tilted at about 
30° from the vertical plane. A microswitch (not drawn) was fixed near the turn counter so 
as to close an electric circuit with each turn of the wheel and energize an event marker, 
tracing a hatch on the recording paper. For clarity’s sake the blower and the compression 
chamber similar to those of Fig. 1 were not drawn. Water from two temperature con- 
trolled baths circulating through the two heat exchangers determined the air temperature 
of the two compartments. 
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CIRCADIAN THERMOREGULATORY BEHAVIOR 


nyctohemeral cycles the hypothalamic temperature of rats 
and the ambient temperature selected by the animals while 
they were in an enclosure with a temperature gradient. 
Water and food were permanently available at any place in 
the thermocline. Light was automatically turned on at 06:00 
hr and off at 18:00 hr. 


Subjects 


Adult male rats of Wistar origin were used. They had a 
permanently implanted reentrant tube in the hypothalamic 
area, and were singly housed in standard cages with water 
and food ad lib at room temperature which oscillated be- 
tween about 21°C and 25°C. 


Temperature Gradient 


Two types of thermoclines were used. One was a 
rectangular plywood box 61x 26x40 cm as shown in Fig. 1. 
The temperature gradient was created by 3 heat exchangers 
(from three car heaters). 

A second type of thermocline incorporated two revolving 
wheels from Wahmann standard activity cages as shown in 
Fig. 2. The revolving wheels were tilted to allow the ther- 
mocouple leads to pass upwards without touching the upper 
edge of the wheels [1]. Each revolution of the wheels was 
counted by the incorporated counters and simultaneously 
recorded, on the same paper on which the hypothalamic and 
ambient temperatures were recorded. In this enclosure the 
rat could choose to stay, walk, or run mainly at two distinct 
ambient temperatures, either in a cold environment of about 
17°C or at about 26°C. However, since the two com- 
partments of the thermocline communicated, intermediary 
temperatures were also available for the rat. Closer to the 
warm heat exchanger the rat could find higher temperatures, 
up to 30°C. The 4 rats used in this thermocline had previ- 
ously learned to run in the revolving wheels. One animal 
learned to run in the enclosure illustrated in Fig. 2 with the 
two wheels at the same temperature. The other three did it in 
the original Wahmann activity cages. The first animal devel- 
oped, during training, a strong preference for the wheel 
situated on the right side of the enclosure. This preference 
persisted in spite of changing the position of the enclosure in 
the room or interchanging the wheels. Because of this, dur- 
ing the experiment proper, the temperature of the two heat 
exchangers was shifted and thus the rats had the option of 
running in each wheel either in a cool or a warm ambient 
temperature. In other words, the animals could run at a given 
temperature (cool or warm) or in a given wheel (right or left). 
Since rats run almost exclusively during the night the reading 
of the counters was taken once every 24 hr, in the morning. 


Temperature Measurements 


The Thy and the preferred Ta were continuously recorded 
on a two channel potentiometric recorder model BPD SVZ 
Sefram (Paris). The sensors were copper-constantan ther- 
mocouples with reference junctions in melting ice. 

The Thy was measured through a permanently implanted 
reentrant cannula made of a disposable 19 ga hypodermic 
needle closed, welded, smoothed, and polished at the tip. In 
some animals the reentrant cannula was made of a Teflon 0.9 
mm diameter intravenous catheter closed at the tip by heat- 
ing it with an iron solder. 

The preferred Ta in the temperature gradient was re- 
corded by a second thermocouple fastened to the wires of 
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the hypothalamic thermocouple at 1.5 to 3 cm above the 
head of the animal. 

It must be noted that measured Thy was only an estimate 
of the actual Thy. Lower values are recorded since heat is 
lost due to conduction along the metallic reentrant cannula 
and along the wires [1]. Higher temperatures were recorded 
with the Teflon reentrant tubes. 


Data Analysis 


Analog data obtained from 5 rats during 24 nyctohemeral 
cycles were integrated and digitized by cutting away the area 
under the Thy and Ta curves and weighing the paper. The 
weight of paper is proportional to the area under the curve, 
that is, to the integral of temperature as for time. The paper 
proportional to the integral of temperature as for time was 
weighed for every hour of Thy and Ta recording and hourly 
means calculated for the 24 cycles. In order to have the 
phase angle for both curves a sine wave curve fitting analysis 
was done with a model 1900 Hewlett-Packard calculator. 
The rest of the data were sufficiently clear as simple physi- 
ological tracings and are given and analyzed as such. 


RESULTS 


The results of all the experiments here reported indicate 
that the temperature selected by the rats was the opposite of 
the Thy variations. However, some features of the results 
differed in details according to the options the animal had in 
the thermocline and, consequently, the results were 
classified according to these. 


Two Options Thermocline 


The records were obtained with the thermocline illus- 
trated in Fig. 1 with only one end heat exchanger connected 
to a constant temperature bath. One third of the space avail- 
able for the rat was cool or warm according to the tempera- 
ture of the bath and the rest was at room temperature. This 
resulted in simplified records easier to be interpreted by vis- 
ual inspection. Examples of this kind of record from four 
animals are given in Fig. 3. During the dark hours the hypo- 
thalamic temperature rose while the animal frequently went 
to the cool environment. During the light hours the rats 
stayed in the neutral-warm environment while the hypotha- 
lamic temperature decreased. Note that even during the light 
time for every transitory ultradian rise of the Thy there was a 
concurrent inverse spike of Ta tracing; that is, a short ex- 
cursion of the animal into the cool. On the other hand, when 
nocturnal ultradian hyperthermic oscillations were not pres- 
ent as during the first night on the second row or during the 
first and second nights on row 3 the animals nevertheless 
went to the cool environment during the dark hours. Similar 
results were obtained with 10 rats during 37 circadian cycles. 
It must be observed that the tracings given in Fig. 3 are 
simplified graphs because the animals could only choose be- 
tween two Ta. These graphs were selected especially to em- 
phasize the reciprocal course of Ta and Thy which results 
graphically in mirror-like images. This can give the impres- 
sion that the animals moved to a distinct Ta only during the 
ultradian oscillations and that only the ultradian Thy varia- 
tions were out of phase with the preferred Ta. In fact this 
aspect was not visible in many of the tracings, for instance 
last part of Fig. 4. Also, when the animal could choose 
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FIG. 3. Hypothalamic temperature (Thy) and preferred ambient temperature (Ta) 
tracings of 4 rats (No. 930, 928, 947 and 932) placed in a 2 options situation in the 
thermocline illustrated in Fig. 1. The animals could choose between a cool 13°C to 
15°C ambient temperature and the room temperature of about 25°C to 27°C. Dark 
hours are indicated with black bars under each tracing. 
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FIG. 4. Records of an experiment in which the ambient temperature choice situation was inverted. The rat (No. 932) was in the 
thermocline shown in Fig. 1 with only one end heat exchanger connected to a thermostatic bath. First, the animal could choose 
between a temperature of about 31°C and the room temperature of 22°C to 25°C. At the moment indicated by the arrow the bath 
temperature was changed, from 34°C to 15°C. Now the animal could choose between about 17°C and the room temperature. In the 
first part of the experiment during the light hours, from 6 to 18 hr, the rat frequently went to and spent more time in the warm 
compartment of the thermocline. During the dark hours the animal spent most time at the lowest Ta available. In the second part of 
the experiment the behavior of the animal was similar to the one illustrated in Fig. 3. The controlled temperature room was out of 
order during this experiment and the entire thermocline was at the natural room temperature. Note that the base line of the ambient 


temperature draws a sine wave corresponding to the natural room temperature oscillations with a maximum at 15 hours and a 
minimum at 7 hours. 
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FIG. 5. Hypothalamic temperature and preferred ambient tempera- 
ture records of one rat (No. 36) placed in a 3 choice situation ther- 
mocline during 5 consecutive nyctohemeral cycles. Horizontal bars 
from 18 to 6 hr indicate the dark hours. 


among 3 or more Ta the records had a distinct aspect as can 
be seen in Figs. 5 and 6 in which the phase difference is 
patent during the whole circadian period. 

The behavior shifted appropriately when the choice situ- 
ation was inverted, as is shown in the experiment illustrated 
in Fig. 4. The experiment started with the animal having the 
choice between a warm (about 31°C) and room temperature 
which oscillated between 22°C and 25°C. The animal fre- 
quently went to the warm environment during the light hours 
and stayed most of the time at the room temperature en- 
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FIG. 6. Continuous records of preferred ambient temperature (Ta) 
and hypothalamic temperature (Thy) during four consecutive days in 
one rat (No. 912). Vertical lines separate hours. The numbers under 
each hourly tracing are the weight in milligrams of paper of the 
cut-away area under each curve and are proportional to the hourly 
integral of temperature as for time. Data so obtained were the basis 
for Fig. 7. Note that the shaded area between Ta and Thy curves is 
narrower during the dark hours from 18 to 6 and wider during the 
light hours from 6 to 18. 


vironment (the lowest available) during the dark hours. At 
the moment indicated by the arrow the temperature of the 
controlled temperature bath was changed from 34°C to 15°C 
and the same compartment of the thermocline which previ- 
ously was warmed was now cooled; the rest of the thermo- 
cline was maintained at room temperature (22°C to 25°C). 
Now, the place previously preferred during the day was pre- 
ferred during the night; the rat went frequently and stayed 
longer during the night at the lowest ambient temperature 
available, located now at the same place where the hot en- 
vironment was before. In this second part of the experiment 
during the light phase the animal returned to the room tem- 
perature environment. 


Three Options Thermocline 


This was the same thermocline as that illustrated in Fig. 1 
but now both end heat exchangers were connected to sepa- 
rate controlled temperature baths, one set at 16°C and the 
other at 33°C. The temperature in the central compartment 
was about 24°C. Figure 5 is an example of the records ob- 
tained with this thermocline. The same phenomenon is evi- 
dent: most of the time the animals preferred a higher en- 
vironmental temperature during the light hours and cooler 
environment during the dark hours. The records shown in 
Fig. 5 appear more complex owing to the fact that the animal 
had a greater variety of Ta choice. Similar recordings were 
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FIG. 7. Mean course of preferred ambient temperature and hypotha- 
lamic temperature. Each point represents the mean of 24 nyctohem- 
eral cycles from 5 rats (No. 4, 12, 31, 35 and 36) of the integral 
of temperature as for time, expressed as the weight of the area of 
paper under one hour temperature curve. Solid points: preferred 
ambient temperature, open circles: hypothalamic temperature. Sine 
wave best fitting curves are superimposed. Phase angle difference 
between the two curves was 224°. Since the recording scale used for 
Thy was about 5 times greater than that used for Ta, the areas under 
both curves were of similar magnitude (see Fig. 5). Consequently 
only one ordinate scale is necessary for both Thy and Ta curves. 
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FIG. 8. Hypothalamic and preferred ambient temperature tracings of one rat (No. 32) during one 
nyctohemeral cycle in a thermocline with two Wahmann activity wheels (Fig. 2). One of the wheels 
was in a cool environment at about 17°C and the other in a warm environment at about 26°C. Higher 
temperatures, up to 30°C, could be found by the rat in the thermocline in sites out of the warm wheel 
and close to the warm heat exchanger. One revolution of each wheel was indicated by a hatch by event 
markers. Owing to the slow speed of the paper, hatches are superimposed and only bursts of running 
activity can be read on the graph. Numbers indicate the total turns in 24 hours. 
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FIG. 9. Wheel turns per 24 hours produced by running activity of 4 
rats in the left wheel (dotted lines) and right wheel (continuous lines) 
of the thermocline illustrated in Fig. 2. Solid circles indicate that the 
wheel was in a cool environment. Open circles indicate a wai 
environment. The arrows point out a shift in the temperature of the 
air forced toward the wheels. It can be observed in the first 3 dia- 
grams that, except for 2 instances, solid circles are above the open 
circles. This means that these 3 rats preferred to run in a cool en- 
vironment. On the contrary, rat 35 preferred a warm environment 
for running. 


obtained for 24 cycles in 5 rats. The analog data from these 
recordings were integrated as for time. The analogous data 
were digitized as time integral of temperature as illustrated in 
Fig. 6. The area under the recorded curves was cut away and 
the integral of temperature as for time is proportional to the 
weight of cut-away paper. Figure 7 was made with the inte- 
grated data and shows the hourly means of the preferred Ta 
and Thy curves. According to the sine wave fitting analysis 
the phase angle was — 124° for the Ta curve and 100° for the 
Thy curve. This phase difference between the two curves 
was for this series of experiments, 224°. 


Thermocline With Running Activity Wheels 


An example of the results obtained with this type of ther- 
mocline is given in Fig. 8. Another 29 similar records were 
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obtained with the 4 rats used in this experiment. Thy and the 
preferred Ta tracings were similar to those illustrated in Fig. 
5. Event marker hatches in Fig. 8 show that during the night 
the animal runs into the cool as well as the warm wheel, 
alternating between the two. As shown in Fig. 9, three of the 
rats run more in the cool wheel than in the warm one except 
for day 4 for rat 34 and day 5 for rat 32. It is also evident from 
Fig. 9 that one rat (No. 35) preferred to run in the warm 
wheel during 8 nyctohemeral cycles from the 11 cycles re- 
corded. 


DISCUSSION 


The results reported here do not apparently agree with 
two widely accepted ideas. First, that body temperature cir- 
cadian oscillations are due to a cyclical shift in the set point. 
Second, that behavioral and autonomic thermoregulatory re- 
sponses are working in concert. Ascribing circadian body 
temperature oscillations to a cyclical shift in the set point is a 
comfortable explanation. However the experimental support 
of this belief seems inconsistent. Cabanac et al. [6] have 
found in 4 persons a small but statistically significant influ- 
ence of the time of day on thermal sensation and from this 
they deduced circadian shift in the set point. However no 
difference was detected between the temperature preferred 
by human beings in the morning, afternoon or night [11,12]. 
Shaved rats placed in a —8+2°C environment for 2 hours in 
the middle of the light or dark phase of a 12:12 LD cycle 
obtained more exogenous heat during the light phase tests 
than during the dark phase [8]. One interpretation of this 
finding could be that rats tolerated less well the cold en- 
vironment during the day when their body temperature 
was low than during the night when their body tempera- 
ture was high. If circadian body temperature variations 
were due toa shift in the set point cold should be more unpleas- 
ant and heat more reinforcing at dark (as it is during fever) and 
vice versa, cold should be less unpleasant and heat less 
reinforcing during the light phase. Others [33] obtained op- 
posite results with similar tests. In a cold environment (5°C) 
the rats responded for warm air more at night than during the 
light hours. This could indicate that set point temperature 
shifts at a higher level during the night. However, in those 
experiments heat escaping responses were also higher during 
the night than during the day tests. In a study on pigs [23] 
demand for heat was recorded over 24 hour periods. Body 
temperature was not recorded but most pigs had a peak de- 
mand for heat during daytime when heat loss normally in- 
creases. Thus the authors comment that it might have been 
expected that the demand for heat would decline during the 
day. Finally, in another work [31] body temperature of pi- 
geons placed in a cold environment drops during the night 
while demand for warm air reinforcements and time spent in 
the warm air increased. Here, again, the behavioral thermal 
response apparently opposed the body temperature change 
and from that it could be deduced that the set point remained 
above the nocturnal lower body temperature. 

Concerning the present results the important question to 
ask is: Did the rats in the thermoclines purposefully seek the 
cool and the warm environment or did they go there for other 
motives? Most motives that the animals might have had for 
moving from one site to another within the thermocline, such 
as differences in food, water, light, flow of air, are easy to 
eliminate because these possible differences were minimized 
during the experiments, and because of the results of the 
control experiments, when warm and cool places were in- 
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verted (Fig. 4). However, it is well known that during the 
nyctohemeral cycle temperature and general locomotor ac- 
tivity increase and decrease simultaneously. These functions 
are directly related [21]. Then, it may be, that when the rat 
goes, for instance, toward the cool environment it does so, 
not because it is seeking a cooler environment but because 
the animal simply goes wherever space is available. This 
hypothesis could explain the results illustrated in Fig. 3. But 
this argument must be rejected because, as clearly shown by 
the experiments illustrated in Figs. 4, 5, 6 and 8, the rats not 
only sought the cold environment during the night but also 
went to a warmer environment during the light hours, and 
during this time they are less active. The direction of this 
behavior in both cases (dark and light times) is opposite to 
the normal circadian variation of the body temperature of the 
rat. Aschoff and von Saint-Paul [4] have shown that the cir- 
cadian rhythm of brain temperature in chickens does not 
depend on a concurrent rhythm of activity. The experiments 
reported here show that nocturnal running activity is per- 
formed by the animal in the cool as well as in the warm 
wheel. It can be deduced that locomotor activity variations 
are probably independent of behavioral thermoregulatory re- 
sponses. 

If these results cannot be dismissed as artefacts then how 
can they be interpreted? The simplest way is to deduce from 
them that, after all, the body temperature nyctohemeral var- 
iations are not completely due—at least in the rat—to a cy- 
clical shift in the set point. Since behavioral thermoregula- 
tory responses oppose body temperature oscillations these 
could then be attributed to a cyclical heat load and heat sink. 
According to a proposed terminology [14], the circadian 
temperature oscillations or at least part of these oscillations 
could then be considered as a succession of unregulated or 
forced hyperthermia and hypothermia. 

Alternatively a set point shift might originate the body 
temperature nyctohemeral cycle but, due to a delay in the 
negative feedback [13,24], the actual oscillations are of a 
greater amplitude than the values prescribed by the shifting 
set point. In this case the behavioral thermoregulatory 
mechanisms would be activated by overshoot. 

Finally, to continue within the framework of the negative 
feedback control theory, one explanation is offered by the 
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multiple thermostat model of Satinoff [26]. Two distinct in- 
tegrators, one for the autonomic responses and the other for 
the behavioral responses would suffice to account for the 
results. The set point of the autonomic responses would shift 
cyclically, generating the circadian oscillation of the body 
temperature. On the other hand, the set point for the behav- 
ioral responses would not shift and consequently the circa- 
dian variations of temperature would be counteracted by be- 
havioral thermoregulatory responses. However, in order to 
make this theory stand it would be necessary to demonstrate 
that, contrary to behavioral responses, the autonomic re- 
sponses were in accord with the circadian variations of body 
temperature. In rats Heusner [19] found a nocturnal increase 
of resting oxygen consumption of 12% to 31%. In human 
beings, experiments have indicated that heat is conserved 
during the heating-up phase in the morning and that there is 
an important increase of blood flow in the skin of the hands 
and feet with heat loss during the cooling-down evening 
phase. Also perspiration threshold is diminished and the mag- 
nitude of the response increased during the cooling down 
phase [20,34]. But what would be the sense of such an ar- 
rangement? It seems illogical that the regulated and variable 
optimum level of body temperature would be sought by one 
set of thermoregulatory responses only in order to the coun- 
teracted by opposite thermoregulatory responses. However, 
it was shown that interaction between heating and cooling 
elements may help to improve the temperature regulation in 
a system [35]. 

In conclusion, the results presented here suggest that cir- 
cadian oscillations of body temperature in rats might not be 
due only to a cyclical shift of the set point temperature, as is 
generally believed, but also to ‘‘forced or unregulated’’ heat- 
ing and cooling of the body related probably to other non- 
thermoregulatory functions. Another possibility would be 
that selected temperatures in the thermocline might not have 
thermoregulatory significance and that from this behavior set 
point level could not be inferred. Finally, there is also the 
possibility that circadian unregulated changes of body tem- 
perature are too small and too slow in order to activate au- 
tonomic thermoregulatory responses, whereas a more sensi- 
tive behavioral system responds if and when the opportunity 
is offered [2, 15, 29]. 
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DUNNE, M. P., D. MACDONALD AND L. R. HARTLEY. The effects of nicotine upon memory and problem solving 
performance. PHYSIOL BEHAV 37(6) 849-854, 1986.—This study examined the effects of 4 mg nicotine and placebo upon 
problem solving performance in word and number tasks, and subsequent recall and recognition of the answers to these 
problems. The results demonstrated that the drug had no effect upor the subject’s ability to generate the correct answers to 
the problems, but that immediate and delayed recall and recognition were significantly impaired. These data clearly do not 
support the view that nicotine, without exception, enhances information processing, and it was suggested that the effects of 
nicotine upon information retrieval may be specific to tasks which assess episodic memory in the absence of retrieval cues 


or a problem solving context. 


Nicotine Memory Problem solving 





WHILE research has generated a great deal of information 
on the physiological and pharmacological action of nicotine, 
surprisingly little attention has been devoted to an under- 
standing of the cognitive effects, especially in humans. The 
existing research on the effects of cigarette smoking and 
nicotine upon attention and memory suggests, in general, 
that nicotine aids mental efficiency [19], although the present 
paper argues that this conclusion may be based upon insuf- 
ficient information, and that many important questions have 
yet to be addressed. 

Many studies have shown that nicotine, whether taken 
orally or absorbed through the lungs, acts to facilitate detec- 
tion in vigilance tasks [20], and prevents the decline in per- 
formance that occurs over time in rapid information process- 
ing tasks [7,18]. In a recent review [19] it has been argued 
that nicotine produces consistent improvements in simple 
mental efficiency that are similar to, although generally 
smaller than, the improvements that follow cigarette smoking. 

The pattern of effects is much less clear, however, when 
more complex memory and learning tasks have been used. 
Several studies show that smoking impairs short term recall 
of pre-learned material [1, 8, 11], while some other carefully 
designed experiments show that retention following ciga- 
rettes or oral nicotine reflects state dependent effects 
[14,17], in that there is no overall difference in performance 
between retention under placebo following placebo learning, 
and retention following the drug when material is learned in 
the drug state. Smoking a 1.3 mg nicotine cigarette has been 
found to produce more errors in paired associate learning of 
words under conditions of low intra-list interference, while 
subjects made fewer errors under high intra-list interference 
[10]. Overall, however, smoking significantly improved re- 
call. In the discussion of these data, it was stated that the 
reasons for the results were unclear, but that an effect of 
nicotine upon arousal may have been an important factor. 


Very little research has been done to assess the effects of 
orally administered nicotine upon memory and learning, ex- 
cept for a demonstration [17] that state dependency effects 
similar to those obtained in smoking studies can be found, 
and that the drug significantly improved short term recall. 
No studies have previously been done to examine the effects 
of nicotine upon complex problem solving performance, al- 
though some evidence suggests that abstinence from ciga- 
rette smoking in habitual smokers improves performance in 
mental subtraction and non-verbal reasoning [3]. Again, 
these results were briefly interpreted in terms of arousal 
theory, and no discussion was offered on how the data shed 
light on the effects of nicotine upon information processing. 

Coupled with these experiments have been several corre- 
lational studies which have asked, in general terms, whether 
this nicotine induced enhancement of mental efficiency is 
reflected in higher academic achievement in smokers versus 
non-smokers. Warburton ef al. [16] provide some evidence 
that students who smoke perform better than non-smokers in 
both essay and exam performance, and cite another study 
which found that professors who smoke are more likely to be 
book authors than professors who abstain. Such observa- 
tions, while interesting, cannot seriously be explained by an 
action of nicotine upon information processing because of 
the many confounding variables, such as achievement moti- 
vation and personality, which also correlate with smoking 
behaviour and the use of stimulant drugs [6,9]. 

While previous research has shown unequivocally that 
nicotine enhances performance in simple mental efficiency 
tasks such as vigilance [19], this observation does not enable 
a comprehensive understanding of the cognitive effects of 
nicotine. Previous studies of the effect of the drug upon 
learning and memory may be similarly limited because 
nearly all experiments have used the familiar list learning 
tasks, which, although allowing insight into automatic item 
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encoding and retrieval [15], do not offer much insight into 
how efficiently we access and utilize stored information, 
problem solving schema and organizational strategies in 
complex reasoning. It is interesting to note that one previous 
study [8] has found that cigarette smoking impairs immediate 
and delayed recall of list material, but does not influence the 
organization of information during retrieval, as reflected by 
semantic category clustering. 

The present study examined the effects of nicotine upon 
complex cognitive operations that occur during problem 
solving, and then assessed the recall and recognition of the 
answers to these problems. The subjects were required to 
solve both verbal and numerical problems which systemati- 
cally varied in task difficulty. In the verbal task, subjects 
either read a word-antonym pair, or were required to gener- 
ate the semantic antonym from a meaningless word frag- 
ment. Task difficulty was manipulated by providing the sub- 
jects with either a high information or low information frag- 
ment. In the number task, subjects either read a complete 5 
step numerical sequence, or were asked to generate the fifth 
step (answer) to the sequence. Difficulty level was manipu- 
lated by varying the complexity of the mathematical opera- 
tion underlying the sequence, which therefore made the 
prediction of the answer more or less difficult. Subjects were 
then required to recall the antonyms or numbers immediately 
following each block of trials, and after a delay, and then to 
recognize these items. 

As such, this design enabled an assessment of the effects 
of nicotine upon both problem solving performance and 
memory in tasks that require subjects to engage in active 
thinking (the generate condition) and to compare these ef- 
fects to those obtained in memory for more passively learned 
list items (the read condition). 


METHOD 
Subjects 


The subjects for this study were 16 female students (mean 
age 26.5 years, range 18-45 years) who participated on a 
voluntary basis. Potential subjects were initially screened to 
determine their general health, with the criteria for exclusion 
being pregnancy, any history of cardiovascular disease and 
other states that are contraindicated for the drug. All partici- 
pants were non-smokers, although 3 had been occasional 
smokers; they stated that they had not had a cigarette for at 
least eight weeks prior to the study. No subjects were cur- 
rently taking any prescribed medication, and informed con- 
sent was obtained prior to testing. Subjects were required 
not to eat, or drink tea, coffee or other caffeine containing 
products for at least two hours prior to testing. All subjects 
participated in two sessions, which took place approximately 
two weeks apart. 


Test Design and Materials 


The test consisted of three main stages: the presentation 
of a block of word or number problems, a recall test and a 
recognition test. Subjects completed 6 blocks of trials during 
a session, 3 of which involved verbal problems with subse- 
quent immediate and delayed recall and recognition, and 3 
blocks of number problems with later recall and recognition. 
Two parallel forms of the test were constructed, one for each 
session. 

Verbal task. Each block contained 18 word pairs, with 
each pair consisting of one word taken from a dictionary of 
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synonyms, and its semantic antonym. In creating the original 
word pair pool of 216 items, any word was excluded if it had 
more than one semantic antonym, and if it had a Thordike- 
Lorge frequency value of greater than 22 words per million in 
the printed English language. The mean frequency value for 
all words in the pool was 6.5 per million. One hundred and 
eight word pairs were drawn by random selection from the 
original pool, and these were randomly allocated to 6 blocks 
of 18 items. Each block was then randomly assigned to test 
form A or B. Within each block, difficulty level was manipu- 
lated by randomly assigning 6 word pairs to each of 3 presen- 
tation modes which were labelled; (a) Experimenter 
provided—Read, (b) Subject generated—high information, 
and (c) Subject generated—low information. In the read 
mode, the stimulus word and the target-word (antonym) 
were presented in full, e.g., DARK-LIGHT. In the high in- 
formation mode, the middle letters were omitted from the 
antonym, and replaced by dashes, e.g., DARK-L_HT. When 
the target word contained an odd number of letters, the 
middle letter and the one preceding it were deleted. In the 
low information mode, only the first two letters of the 
antonym appeared, e.g., DARK-LI. 

Word pairs were typed on 70x 120 mm white cards, and 
each card was presented to the subject for 5 seconds. Sub- 
jects were instructed to read the word pair and/or generate 
the antonym, and were informed that they would be asked to 
recall it later. Following each stimulus presentation subjects 
responded by saying aloud the printed or generated 
antonym, and this was recorded by the experimenter. 

Number task. The two forms of this test were constructed 
by first creating a pool of 240 randomly chosen 3 digit num- 
bers in the range 101-500. Six blocks of 20 trials were 
created, with 3 being assigned randomly to each of the 2 test 
forms. Within each block, 5 items were randomly assigned to 
each of 4 presentation modes, which were (a) Experimenter 
provided—read easy, (b) Experimenter provided—read dif- 
ficult, (c) Subject generated—easy, and (d) Subject 
generated—difficult. The difficulty level of the trials was 
manipulated by varying the complexity of the mathematical 
operation, as outlined below. 

Easy level. Subjects were presented with an ascending nu- 
merical sequence which contained 5 steps, with the additive 
factor being constant. In the read mode, the full five step 
sequence was given, with the target number underlined, e.g., 
203; 206; 209; 212; 215: In the subject generated mode, the 
first 4 steps were given, with the fifth number deleted, e.g., 
203; 206; 209; 212; __. The value of the constant varied be- 
tween 2 and 6, and was randomly distributed throughout the 
trials. 

Difficult level. The sequence presentation for read and gen- 
erate trials was identical to the easy condition, but the math- 
ematical operation required to complete the sequence was 
more complex. Both additive and subtractive sequences 
were presented, and the steps in the sequences increased or 
decreased by a constant plus an increment of 1. 


e.g., 262; 265; 269; 274; 280 (read condition) 
262; 265; 269; 274; __ (generate condition) 


Subjects were told to read and complete the sequence and 
reminded that a recall test would follow each block. Follow- 
ing each presentation, subjects stated aloud the read or gen- 
erated fifth step in the sequence, and this was recorded by 
the experimenter. Each number sequence was typed on a 
70x 120 mm white card, and presented for a duration of 8 
seconds. The exposure duration was longer for the number 
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FIG. 1. Approximate temporal sequence of each testing session. W=Word Task (1, 2 or 3). WM=Word Task Memory 
(Imm. Recall, Del. Recall, Recognition). N=Number Task (1, 2 or 3). NM=Number Task Memory (Imm. Recall, Del. 


Recall, Recognition). 


TABLE 1 


WORD AND NUMBER TASK PERFORMANCE: PROPORTIONS OF 
ITEMS CORRECTLY GENERATED 





Word Task 


High Inf. 


Low Inf. Easy 


Number Task 
Difficult 





Nicotine 0.673 
4 mg 


(0.175) 


0.698 
(0.171) 


Placebo 


0.270 


(0.141) 


0.239 
(0.099) 


0.808 0.249 


(0.145) 


0.770 
(0.139) 


(0.223) 


0.258 
(0.223) 





Standard Deviations are in parentheses. 


TABLE 2 


VERBAL TASK: PROPORTIONS OF READ, HIGH AND LOW INFORMATION ITEMS RECALLED 
AND RECOGNIZED 





Nicotine 4 mg 
Read Gen.Hi. 


Gen.Lo. Read 


Placebo 


Gen.Hi. Gen.Lo. 





0.188 
(0.077) 


0.140 
(0.081) 


0.626 
(0.194) 


0.178 
(0.073) 


0.160 
(0.087) 


0.739 
(0.161) 


Immediate Recall 


Delayed Recall 


Recognition 


0.068 
(0.046) 


0.058 
(0.054) 


0.382 
(0.196) 


0.274 
(0.118) 


0.224 
(0.142) 


0.780 
(0.116) 


0.212 
(0.113) 


0.152 
(0.111) 


0.819 
(0.119) 


0.096 
(0.046) 


0.076 
(0.055) 


0.454 
(0.132) 





The abbreviations Gen.Hi. and Gen.Lo. represent the subject generated-high information and 


subject generated-low information conditions. 


than the verbal task because pretesting indicated that a du- 
ration of 5 seconds was too brief for subjects to perform at a 
satisfactory level. In both verbal and number tasks, the order 
of presentation of read and generate, easy and difficult levels 
was randomized across trials. 

Recall test. A pen and paper test of recall was given im- 
mediately after the presentation of each word and number 
block. Subjects were allowed 60 seconds to recall as many 
words or numbers as possible. After a further 60 second 
interval, subjects were again asked to recall the material (de- 
layed recall condition) in a 60 second period. During the 
interval between immediate and delayed recall, subjects 
were required to carry out a distractor task to prevent re- 
hearsal of information. In between verbal task recall, the 
distractor task involved counting backwards from 100 by 


intervals of 9, then 8, 7 and so on. Between number task 
recall, they were asked to recall words from semantic 
categories, such as girls names, boys names, animals names, 
etc. 

Recognition test. The test of recognition was adminis- 
tered immediately following delayed recall of each block, 
and lasted 120 seconds. The verbal recognition test consisted 
of a grid containing 3 columns of 12 words, which were a 
random mix of all of the antonyms presented previously in 
the block, plus an equal number of non-task words which 
were randomly drawn from the original word pool. All words 
were typed on a sheet of paper, and subjects were asked to 
underline any words that they recognized as being in the 
previous block. The number recognition task was con- 
structed by randomly mixing 20 numbers from the original 
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TABLE 3 
NUMBER TASK: PROPORTIONS OF READ AND GENERATE ITEMS RECALLED AND RECOGNIZED 





Nicotine 4 mg 


Read Easy Read Diff. Gen. Easy 


Gen. Diff. 


Placebo 


Read Easy Read Diff. 


Gen. Easy Gen. Diff. 





0.188 
(0.139) 


0.138 
(0.103) 


0.376 
(0.203) 


Immediate 
Recall 


Delayed 
Recall 


0.174 
(0.083) 


0.142 
(0.097) 


0.447 
(0.186) 


0.138 
(0.121) 


0.113 
(0.094) 


0.326 
(0.178) 


Recognition 


0.067 
(0.080) 


0.042 
(0.053) 


0.204 
(0.170) 


0.196 
(0.102) 


0.187 
(0.108) 


0.428 
(0.209) 


0.246 
(0.114) 


0.214 
(0.147) 


0.493 
(0.219) 


0.221 
(0.147) 


0.205 
(0.143) 


0.454 
(0.153) 


0.101 
(0.117) 


0.059 
(0.081) 


0.234 
(0.150) 





pool with the 20 task numbers presented previously. All items 
were typed on paper in 10 columns of 4, and subjects under- 
lined the recognized numbers. 


Procedure 


The study employed a double blind repeated measures 
design. For the two sessions, subjects were randomly as- 
signed to drug or placebo conditions, and randomly assigned 
test form A or B (with internal balancing). 

Upon entering the laboratory, subject started to chew a 
piece of gum (4 mg nicotine or placebo gum; NICORETTE), 
and were required to chew for 10 seconds every half minute 
for 30 minutes, which would allow for maximal absorption of 
nicotine through the buccal mucosa [13]. During this period, 
subjects were shown the stimulus materials and were given a 
short familiarization trial which, for both verbal and number 
problems, involved 3 items in each presentation mode, the 
recall and recognition tests. After this, subjects sat quietly 
reading magazines until testing commenced. Figure 1 illus- 
trates the temporal sequence of the testing session. 


RESULTS 


Since the word and number tasks involved stimulus sets 
of different sizes, the raw data was converted to proportions 
so that the various experimental conditions might be more 
easily compared. All analyses of variance were carried out 
with repeated measures on all factors. Throughout these 
analyses, the factor names ‘Stimulus type,’ ‘Recall type’ and 
‘Difficulty level’ refer to the read and generate conditions, 
immediate and delayed recall, and the task difficulty levels, 
respectively. 


Word and Number Task Performance 


Table 1 shows the subjects’ performance in correctly 
generating the antonyms and final number in the sequence at 
both levels of task difficulty after nicotine 4 mg and placebo. 

In relation to verbal generation, a 2x2 ANOVA (Drug x 
Difficulty level) showed that generation of the correct an- 
swer in the high information condition was significantly 
higher than the low information condition, F(1,15)= 149.86, 
p<0.001. There was no difference between drug and placebo 
in the proportions of antonyms correctly generated (F<1), 
and no interaction between drug and difficulty level, 
F(1,15)=2.06, p>0.05. In number task performance, a simi- 
lar analysis showed that a significantly higher proportion of 
easy than difficult sequences were correctly completed, 


F(1,15)= 157.93, p<0.001, and again, there was no effect of 
nicotine upon the generation of the correct answer (F<1), 
and no drug by task difficulty interaction (F<1). 

In all, these analyses show that nicotine had no effect on 
the ability of subjects to generate the correct answers in both 
word and number problems, and further suggests that the 
drug does not interact with task difficulty. 


Recall and Recognition 


Verbal task. Table 2 shows the proportion of read and 
high and low information items that were recalled and rec- 
ognized. The figures represent total performance over the 3 
testing blocks, since analysis of variance showed that there 
were no significant main or interaction effects across the 
blocks (F>0.05 in all cases). 

A 2x3x2 ANOVA (Drug x Stimulus type x Recall type) 
of recall performance showed that immediate recall was sig- 
nificantly higher than delayed recall, F(1,15)=55.33, 
p<0.001, and that there was a trend for recall to be greater 
for read items, then high information, then low information 
items, F(2,30)=21.77, p<0.001. Subsequent Newman-Keuls 
analysis showed that the difference between mean recall of 
read and high information items was not significant, while 
recall of low information items was significantly lower than 
the other two levels of this factor (p<0.05). There was a 
significant main effect of the drug, F (1,15)=5.86, p<0.05, 
which, in relation to Table 2, indicates that both immediate 
and delayed recall were impaired. 

In word recognition, a 2x3 ANOVA (Drug x Stimulus 
type) revealed that recognition tended to be higher for high 
information items, then read items, then low information 
items, F(2,30)=92.59, p<0.001. Newman-Keuls analysis of 
the differences between means revealed that recognition of 
high information and read items was not significantly differ- 
ent, while recognition of low information items was signifi- 
cantly lower than the other two levels (p<0.01). The recog- 
nition of words was significantly impaired in the drug condi- 
tion, F(1,15)=9.70, p<0.01. In both recall and recognition, 
no interactions between drug and the other factors ap- 
proached significance. 

Number task. Table 3 shows the proportions of both easy 
and difficult, read and generate items that were recalled and 
recognized. Again, figures represent total performance for 
the 3 blocks, since no main or interaction effects across the 
blocks approached significance. 

A 2x2x2x2 ANOVA (Drug x Recall type x Stimulus 
type x Difficulty level) of recall performance showed that 
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significantly more easy than difficult sequence answers were 
recalled, F(1,15)=12.27, p<0.01, and that more read than 
generate items were recalled, F(1,15)=13.54, p<0.01. As 
with the verbal task, immediate recall was greater than de- 
layed recall, F(1,15)=39.73, p<0.001. There was a signifi- 
cant main effect of nicotine, F(1,15)=11.56, p><0.01, which, 
in relation to Table 3, indicates that recall was impaired in 
the drug condition. No interactions between drug and the 
other factors approached significance. 

In number recognition performance, a 2x2x2 ANOVA 
(Drug x Stimulus type x Difficulty level) revealed that more 
easy than difficult sequence answers were recognized, 
F(1,15)=16.30, p<0.01, and recognition of read items was 
higher than for generated items, F(1,15)=21.52, p<0.001. 
Again, there was a significant main effect of nicotine, 
F(1,15)=4.95, p<0.05, which, in relation to Table 3, indi- 
cates that recognition was lower in the drug condition. No 
interactions between drug and difficulty level or stimulus 
type approached significance. There were significant inter- 
actions between difficulty level and stimulus type in both 
recall, F(1,15)=14.97, p<0.01, and recognition, F(1,15)= 
32.08, p<0.001, performance. In relation to Table 3, 
this indicates that recall and recognition of read difficult 
items was higher than for read easy items, while the opposite 
trend is apparent for generate easy and generate difficult 
conditions. 

Overall, the recall and recognition performance in the 
word and number tasks shows that, in all cases, memory is 
impaired by nicotine. Interestingly, the drug did not interact 
with task difficulty, or memory performance in read and 
generate modes. 


DISCUSSION 


The results of this experiment provide clear evidence that 
nicotine impairs both recall and recognition of material 
learned in the drug state, but does not influence subjects’ 
overall problem solving performance. Also of interest are the 
observations that the drug effect was the same for material 
encoded at both levels of task difficulty, and that memory for 
both read and generated material did not vary as a function 
of the drug. Although different tasks were used, this study 
replicates and extends the findings of Houston ef al. [8], in 
that nicotine impaired memory, but did not appear to influ- 
ence higher order cognitive operations. 

One interpretation of these results offers some insight into 
the effects of nicotine upon information processing. In solv- 
ing the verbal problems, the subjects were required to access 
items in the semantic lexicon with the aid of two cues—the 
original stimulus word, and the word fragment. Nicotine had 
no effect on the ability to retrieve items from semantic mem- 
ory, regardless of whether the word fragment offered high or 
low information. In the number problems, the subjects were 
required to retrieve and utilize knowledge of mathematical 
operations, and were given either easy or difficult cues 
which would produce the correct computational algorithm. 
Again, nicotine had no effect upon the aoility to solve prob- 
lems, regardless of arithmetic complexity. In all, perform- 
ance in the problem solving tasks could be considered to be 
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an index of the subjects’ efficiency in identifying and utiliz- 
ing cues in the retrieval of the correct word or computational 
algorithm from long term memory. Efficient problem solving 
would primarily entail retrieval of information from semantic 
memory, which is thought to be a store that contains the 
meanings of words and their relations, and the formulas and 
algorithms for the manipulation of mathematical symbols 
and their relations [4]. 

The free recall and recognition tasks were, however, car- 
ried out in the absence of cues that were present during item 
encoding, and the distractor task between immediate and 
delayed recall would have effectively prevented the use of 
any mnenonic or organizational strategies in maintaining the 
material in working memory. Given the pattern of results 
following drug administration, nicotine may be thought to 
have little influence on strategic aspects of knowledge re- 
trieval, such as cue utilization, but to selectively impair re- 
trieval of episodic information when retrieval cues are ab- 
sent. This issue definitely requires further investigation. It 
would be interesting to carry out a similar study which used 
both cued and free recall, while perhaps more systematically 
controlling the influence of cues in problem solving per- 
formance. This would certainly be important in clarifying the 
generality of the state dependent effects of nicotine, since 
Eich [2] has argued that state dependency is demonstrated 
only in the absence of clearly identifiable retrieval cues. 

While the introduction of the read and generate modes in 
stimulus presentation was exploratory, since no previous 
nicotine studies have compared memory for read and gener- 
ated material, the test used here could have been designed in 
a more sensitive manner. Recent studies of the ‘generation 
effect’ [12] show that subject-generated material is better 
remembered than read material, presumably because it ac- 
tivates an item’s location in memory to a greater extent than 
reading. It has been suggested that the retrieval advantage is 
enhanced when high frequency words are used, but di- 
minishes with lower frequency words because the items are 
either absent from, or weakly represented in, the semantic 
lexicon [12]. In this study, however, only low frequency 
words were selected for the verbal test. Further, while one 
previous study has shown a generation effect in memory for 
numbers following two digit multiplication problems [5], the 
task used in this study may have been insensitive since three 
digit numbers would probably be less clearly represented as 
units in memory than one or two digit numbers. Hence, the 
likelihood that the act of generation would activate an exist- 
ing memory structure may have been minimal. 

In sum, this study adds to the existing literature the ob- 
servation that the effects of nicotine may be specific to in- 
formation processing that occurs in the absence of cues or a 
problem solving context. It may therefore be premature to 
conclude that nicotine acts to facilitate mental efficiency in 
any global sense, since its effects may be cue and context 
dependent. 
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JELLESTAD, F. K., A. MARKOWSKA, H. K. BAKKE AND B. WALTHER. Behavioral effects after ibotenic acid, 
6-OHDA and electrolytic lesions in the central amygdala nucleus of the rat. PHYSIOL BEHAV 37(6) 855-862, 1986.— 
Selective lesions of central amygdaloid neurons with ibotenic acid and electrolytic destruction of the nucleus both led to 
marked increases in open field activity and activity during passive avoidance conditioning. However, electrolytic lesions of 
both neurons and fibers resulted in the most pronounced passive avoidance impairments and it is suggested that this lesion 
effect should be attributed to a combined destruction of intrinsic neurons and neurons located outside the central amygdala 
nucleus. The 6-OHDA lesions resulted in no significant changes in the behavioral parameters under investigation or in 
plasma corticosterone levels. The lack of reduced corticosterone levels in any of the lesioned groups do not indicate that 
general fear arousal is critically dependent on intact central amygdala neurons in the rat. The behavioral data are, however, 
still compatible with a hypothesis of a temporary reduction in fear arousal during the initial phase of the passive avoidance 


conditioning. 
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THE amygdaloid complex has been suggested by several 
authors to be involved in the regulation of fear motivated 
behavior [3, 5, 19, 25, 26, 29]. Werka, Skar and Ursin [30] 
suggested that reduced fear motivation should be attributed 
to destruction of the central amygdala nucleus. Their sug- 
gestion was based on the behavioral findings that such le- 
sions increased general open field activity and impaired 
one-way active avoidance learning more dramatically than 
basolateral lesions and lesions of the overlying cortex did. 
Application of beta-adrenergic antagonists and opiate 
agonists within the central amygdala nucleus have also been 
shown to affect Pavlovian fear conditioning [10,11]. McIn- 
tyre and Stein [21] and Grossman, Grossman and Walsh [13] 
have also demonstrated that central amygdala nucleus le- 
sions produce marked deficits in passive avoidance perform- 
ance. 

In a recent study Jellestad and Bakke [14] showed that 
selective ibotenic acid lesions of amygdaloid neurons in the 
basolateral and central nucleus also led to increased activity 
levels, and impaired passive avoidance learning and in- 





creased levels of plasma corticosterone. Radio frequency 
lesions destroying both neurons and fibers in the same area 
also led to increased activity and impaired passive avoidance 
learning, but did not increase corticosterone levels, even 
though the number of shocks received in the two lesion 
groups were comparable. It was concluded that fear reduc- 
tion was not crucial for the increased activity level or the 
impaired passive avoidance learning, while fear reactions 
seem to depend on intact cortico-hypothalamic fiber con- 
nections. However, in this latter study the lesions comprised 
both the central and the basolateral nuclei and it is therefore 
still unclear whether the behavioral changes should be at- 
tributed to one of these nuclei or both. The present study 
was undertaken to evaluate the role of the central amygdala 
nucleus in open field activity, reaction to novelty, and pas- 
sive avoidance learning. Selective lesions of central amyg- 
dala nucleus neurons were obtained by application of 
ibotenic acid and total destruction of neurons and traversing 
fibers by conventional electrolytic lesions. 

It has been argued that changes in avoidance behavior 
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after amygdala lesions could be due to changes in pain reac- 
tivity [16]. The change in pain sensitivity has been attributed 
to disruption of dopaminergic input [23,24]. The central 
amygdala nucleus is particularly rich in dopaminergic termi- 
nals compared to the other amygdala nuclei [2, 9, 27, 28]. 
There is also a fairly dense innervation of norepinephrine 
fibers in the central nucleus [7] and Roberts [22] has 
suggested that the central nucleus might function as a gating 
mechanism between incoming catecholaminergic and outgo- 
ing peptidergic fiber systems. 

To evaluate the functional role of the catecholamines, the 
catecholaminergic innervation of the central amygdala was 
disrupted in one group of rats, by injections of 
6-hydroxydopamine (6-OHDA) into this nucleus. 

Investigation of general changes in arousal or fear moti- 
vation was undertaken by collecting blood samples in a pas- 
sive avoidance retention test, and later evaluated for plasma 
corticosterone concentration. 


METHOD 
Subjects 


Forty-six experimentally naive Wistar rats (Mollegarden, 
Denmark), weighing 340-400 grams, were used. They were 
housed individually in a temperature (22+ 1°C) and humidity 
controlled room, with a dark/light cycle of 12 hours. Food 
and water were available ad lib. 


Surgery 


The rats were randomly assigned to a control group (C, 
n=10), an electrolytic lesion group (EL, n=15) an ibotenic 
acid lesion group (IBO, n=12), and a 6-hydroxydopamine 
lesion group (6-OHDA, n=1!). The rats were anesthetized 
with Equithesin solution (3 ml/kg) and placed in a Kopf 
stereotaxic instrument, with the incisor bar set 5.0 mm above 
the interaural level. The stereotaxic coordinates for all lesion 
groups were: AP 0.4 mm behind bregma, L 4.3 mm to either 
side of the exposed superior sagittal sinus; and DV 8.5 mm 
from the top of the skull at bregma. The electrolytic lesions 
were produced by passing 1 mA anodal current for 10 sec- 
onds. The electrode was a 0.4 mm diameter tungsten wire, 
insulated except for 0.5 mm at the tip. The microinjections of 
ibotenic acid (Biosearch) (10 wg/ul) and 6-OHDA (Sigma) (4 
g/l) were made using a 0.5 wl microsyringe (S.G.E.). The 
outer diameter of the needle was polished down to 0.4mm. A 
volume of 0.07 yl ibotenic acid (Biosearch), dissolved in 
phosphate buffer, pH=7.4, was infused during two minutes. 
6-OHDA (6-hydroxydopamine hydrobromide, Sigma) was 
dissolved in distilled water containing 0.2 mg/ml ascorbic 
acid, and a volume of 0.25 wg was infused over a 7.5 min 
period. In both types of chemical lesion, the injection needle 
was left in situ for an additional 10 min to maximize diffusion 
and to prevent backflow along the needle tract. The control 
rats underwent the same surgical procedures as the lesion 
rats, except that no electrode or needle was lowered into the 
brain. 


GENERAL PROCEDURE 


All the rats were handled for 5-7 min on day eight post- 
operatively. On the following three days, the rats were tested 
in an open field for 15 min each day. After a one-day break, 
the rats were tested on the two subsequent days in a passive 
avoidance task. Another five days later the rats were given a 
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retention test without electric shocks and blood samples 
were collected for later plasma corticosterone evaluation. 

The rats were brought from the animal quarters to the 
laboratory one hour prior to the start of testing and were 
tested in the same sequence each day. 


Open Field Test 


Apparatus. A plywood box elevated 15 cm above the 
floor was used as an open field (100 100x40 cm). The floor 
and the walls were painted matt black. White lines divided 
the field into 24 squares (20x20 cm). A rectangular hole 
(39x25 cm) was cut in the center of the field, into which the 
home cages of the rats could be inserted so that the top of the 
cage was level with the floor. The floor of the home cage was 
divided into four equal parts. The testing room was sound 
insulated and the only illumination was provided by a 25 W 
red light bulb placed 1.5 m above the center of the field. 
Behavioral observations were made in an adjacent room 
through a TV-camera. The apparatus was cleaned with 20% 
alcohol and allowed to dry after testing of each animal. 

Procedure. The rats were tested for 15 min at the same 
time of the day, on three consecutive days. The following 
behavioral parameters were scored separately in one-minute 
periods: number of home cage section crossed with all four 
legs (home cage ambulation), number of crossings of open- 
field squares located next to the home cage (middle cross- 
ings), number of squares crossed along the walls (outer 
crossings), latency to the first entrance into the open field, 
total time spent in the home cage, number and duration of 
entries into the open field, number of rearings (lifting both 
forepaws from the floor), number of peeks (lifting both 
forepaws on the edge of the home cage), and lastly, number 
of groomings. 

For statistical analysis, the 15 min session was divided 
into three five-minute periods. 


Passive Avoidance Test 


Apparatus. The rats were tested in a modified shuttle 
box, measuring 99x24x30 cm. The end walls consisted of 
opaque Perspex, while the front wall and ceiling were made 
of transparent Perspex. The outside of the front wall was 
marked with 7 vertical lines, to provide an index for horizon- 
tal activity. The floor consisted of stainless steel bars 0.3 cm 
in diameter and spaced 1.3 cm apart. A middle section 
(49x 24 cm) of the floor was not electrified, while the two end 
sections were connected to a LaFayette constant current 
shocker (model 58006) and a neon grid scrambler (model 
5820). The shock units were controlled by a Grason Stadler 
solid state modular equipment system, continuously deliver- 
ing scrambled electric shock pulses of 1.0 mA intensity, with 
a duration of 0.2 sec at 2.0 sec intervals. 

Testing was performed in a sound insulated room with 
extraneous sounds further masked by white noise (71-73 
dB-10 Hz bandwidth) delivered by two loudspeakers in the 
end walls of the testbox. Illumination was provided by two 
25 W red light bulbs, situated 30 cm above the box. 

Observations were made in an adjoining room through 
two TV-cameras, one for close up pictures of the rats, and 
one camera viewing the whole box. 

Procedure. The rats were carried to the testing room in 
their home cages, and gently placed in the safe middle sec- 
tion of the modified shuttle box. Each 29 minute test session 
was divided into five 4 minute periods. The following behav- 
ior categories were measured: Latency to the first entry into 
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one of the shock areas, number of shocks received, number 
of line crossings, number of rearings, number of groomings, 
and time spent immobile. In addition, the actual behavior of 
the rats was scored every tenth second according to the fol- 
lowing behavior categories: immobility, ambulation, head or 
small body movements, sniffing, grooming and rearing. 

In the retention test no electrical shocks were applied in 
order to avoid shock induced increases in plasma corticoste- 
rone levels. One half of the rats in each group was randomly 
selected to be tested for 15 minutes, while the other half was 
tested for 30 minutes. Immediately thereafter blood samples 
were drawn for later plasma corticosterone evaluation. 


Blood Sampling and Plasma Corticosterone Evaluation 


The rats were anesthetized in ether, and blood samples (1 
ml) drawn from the exterior jugular vein. All samples were 
taken within two minutes of removal of the rats from the test 
situation. The blood samples were immediately centrifuged 
(20 min x 2000 rpm) and the plasma pipetted off and deep 
frozen. The samples were fluorometrically assayed for corti- 
costerone concentration according to a simplified version [6] 
of the Glick, von Redlich and Levine [12] method. 


Histology 


After completion of the behavioral testing, the EL and 
IBO lesioned animals were killed by transcardial perfusion 
with isotonic saline, and 4% formalin in a 0.7% NaCl solution 
with pH 4.0. The brains were taken out and fixed in the 
perfusion medium for at least two weeks. Frozen sections 
were cut in a cryostat at 30 wm. Every fifth section was 
saved and stained in cresyl violet. Drawings of the lesions 
were made from microscopic projections and then trans- 
ferred to predrawn diagrams taken from the K6nig and Klip- 
pel [18] atlas. The selection of acceptable lesions was made 
by two different persons with no knowledge of the behav- 
ioral results. 


Biochemistry 


Evaluation of the 6-OHDA lesions was performed in two 
separate analyses. In the first, six 6-OHDA lesioned and 
three control brains were used to evaluate the dopamine (DA) 
content of the amygdaloid complex. In the second, five 
6-OHDA lesioned and five control brains were used to eval- 
uate the norepinephrine (NE) content of same brain area. 
The rats were decapitated and brains removed instantly and 
the amygdaloid complex dissected out on a cold glass plate 
placed on dry ice. The amygdaloid complex was then 
weighed and extracted according to the procedure of Fasmer 
et al. [7], and analysed by high performance liquid 
chromotography (HPLC). A counter-ion buffer system was 
applied with pH 4.7 containing 0.1 M sodium acetate, 5 mM 
heptane sulfonate and 0.5 mM EDTA, and 17% (v/v) 
methanol. Separation of the neurotransmittors was obtained 
by using a Supelco reverse phase column (C 18; 4.6 250 mm; 
10 2) at flow rates of 1.5 ml/min. Isocratic elution cycles of 
25 minutes were achieved by utilizing a Kontron MSI 660 
autosampler. Detection of neurotransmittors was made by 
fluorescence (excitation 285 nm; emission 325 nm) with a 
kontron SFM23 spectrofluormeter, as well as by a Bioanalyt- 
ical LC-4A amperometric detector at 0.6 V and 2 nAmps full 
scale signal. Quantification of neurotransmittor levels was 
performed by the peak-height method on recordings of the 
detector outputs on a WW314 recorder. Linear standard 
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curves were obtained with both neurotransmittors down to 
their respective detection limits in the picomole range. 


Dissection Procedure 


The amydala complex was dissected out from the ventral 
surface of the temporal lobe. A medial cut was made from 
the end of the lateral olfactory tract and capsula interna. 
Laterally, dissection followed the rhinal fissure and the 
caudal limit was set at the ventral entorhinal cortex. The 
dorsal limit followed the internal capsule and the ventral 
border of the striatum-globus pallidus complex. The overly- 
ing piriform cortex was included in the samples. 


RESULTS 
Histology 


A total of 22 operated rats had acceptable lesions in the 
central amygdala nucleus (12 EL and 10 IBO rats). Three EL 
rats and two IBO rats were discarded since the lesions in 
these rats also involved extensive damage to the basolateral 
or the medial nucleus. 


Electrolytic Lesions 


In all the accepted rats at least 7/3 of the central nucleus 
was damaged bilaterally. The lesions were of similar size and 
comprised the entire rostro-caudal extent of the central nu- 
cleus. There was a slight, but negligible variation in the dor- 
soventral localization of the lesions. In most cases this dam- 
age was restricted to the dorsal part of the basolateral nu- 
cleus. Minor damage was occasionally inflicted upon the 
optic tract and stria terminalis due to the passage of the 
electrode. 


Ibotenic Acid Lesions 


The localisation of the ibotenic acid lesions were similar 
to the EL lesions and they also comprised the entire rostro- 
caudal extent of the central nucleus. The center of the le- 
sions was devoid of neuronal cell bodies and was completely 
filled with intensely stained microglial cells. Towards the 
border of the lesions a few neurons of normal appearance 
were detectable. In contrast to the EL lesions, the IBO le- 
sions often ended abruptly at cell free zones between the 
amygdaloid nuclei, thus resulting in restricted damage to the 
central nucleus. 


6-Hydroxydopamine Lesions—Biochemical Results 


The biochemical analysis of the 6-OHDA injected brains 
showed a large reduction in dopamine (group mean 76.1%, 
SD=11.7%) and a somewhat smaller reduction in 
norepinepherine content (38.4%, SD=14.2%) compared to 
normal brains. The actual control values were 1.52 wg NA/g 
wet tissue and 0.606 wg DA/g wet tissue. The large reduction 
in DA may indicate that the lesions were relatively well re- 
stricted to the central nucleus, since this nucleus contains 
the highest concentration of dopamine [2]. The difference 
between the 6-OHDA group and the control group was sig- 
nificantly different for both dopamine, F(1,11)=54.2, 
p<0.001, and norepinepherine, F(1,18)=23.86. The analysis 
was run on the two temporal lobes separately in each animal. 
The degrees of freedom differ from what would be expected 
following the number of rats involved in the analysis, and is 
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IBO GROUP 


EL GROUP 


FIG. 1. Drawings of all lesions at the largest extent, adapted to diagrams from the 


K6nig and Klippel atlas of the rat brain. 


explained by the fact that we lost five samples in the 
dopamine analysis (four 6-OHDA and one control). 


Open Field Behavior 


Latency to first entry into the open field. On the first day 
of testing, the EL group entered the field from the home cage 
significantly faster than the C and the 6-OHDA group 
(Mann-Whitney, p<0.05), but not significantly faster than 
the IBO group. This latter group was not significantly differ- 
ent from the C and the 6-OHDA group. All groups showed 
decreasing latencies over days (Friedman two-way analysis 
of variance, C group p<0.05, EL group p<0.001, IBO group 
p<0.01 and 6-OHDA group p<0.005). 

In the first period on day I few rats left the home cage. 
None at all in the C group, two rats (18%) in the 6-OHDA 
group, four rats (40%) in the IBO group, and six rats (50%) in 


the EL group. The Fisher exact probability test showed that 
only the difference between the C group and the EL group 
was significant (p<0.025). There were no significant group 
effects on day II or III. 


Ambulatory Activity 


Home cage. There were no differences between the 
groups in the number of crossings made in the home cage. 
Similarly, there appeared to be no group differences when 
the number of crossings were related to the time spent in the 
home cage. The time spent in the home cage decreased in all 
four groups between and within sessions, F(2,156)= 17.86, 
p<0.001, and F(2,156)=76.62, p<0.001, respectively. 

Open field. Different numbers of rats in each group 
entered the open field on the three days of testing. There- 
fore, only those rats who left the home cage were included in 
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FIG. 2. Percent change from control levels of dopamine and norepi- 
nephrine in the temporal lobe after injection of 6-OHDA into the 


central amygdala nucleus. Hatched areas mark the S.E.M. of the 
control levels. 

















the data analyses. On all three days separate two-way 
ANOVAs revealed significant group differences in the 
number of squares crossed (day I: F(3,27)=4.97, p<0.01; 
day II: F(3,28)=16.2, p<0.001; day III: F(3,30)=8.78, 
p<0.001). On day I the IBO and the EL group made signifi- 
cantly more crossings than the C group (p<0.005 for both 
comparisons). On day II the IBO and EL not only showed 
significantly higher activity than the C group (p<0.001 and 
0.01, respectively), but also higher than the 6-OHDA group 
(p<0.005 for both comparisons). On the third day, the same 
picture emerged, except that only the IBO group made signif- 
icantly more crossings than the 6-OHDA rats (p<0.05). 
The rats that spent more time in the field had obviously 
more opportunities to cross sections there than in the home 
cage and vice versa. Therefore, the speed or mean number of 
squares crossed per second were also statistically analysed. 
On day I there was a significant overall difference between 
the groups, F(3,27)=2.95, p<0.05. Further analyses showed 
that all three lesion groups crossed each square in the open 
field at a significantly higher speed than the control group 
(6-OHDA and IBO significant at p<0.05 and EL at p<0.01). 
There were no significant differences on the other days. 


Other Measurements 


There were no significant group differences in rearing and 
grooming in the open field or in the home cage. All groups 
showed an increase in rearing, F(2,78)=26.48, p<0.001, and 
time spent grooming, F(2,78)=7.85, p<0.001, over days. 
Analysis of the number of open field entries or mean dura- 
tion of the entries did not show any signifcant group differ- 
ences, but all groups showed a significant increase over days 
on these two parameters, F(2,78)=14.87, p<0.001 and 
F(2,78)=8.35, p<0.001, respectively. 


Passive Avoidance Behavior 


Latency to first shock area entry. On day | all rats were 
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FIG. 3. Mean number of squares crossed in the open field and in the 
home cage during three 5 min periods on three different days. 


naive and there were no significant group differences in la- 
tency. On day II, both the EL and the IBO group had signifi- 
cantly shorter latencies than the control group (Mann- 
Whitney: p<0.02). No other group comparisons were signif- 
icant. 


Shock Area Entries 


There were no significant differences between the groups 
in total number of shock area entries during the total 20 min 
test session when analysed with a one-way ANOVA. More 
complex ANOVAs could not be undertaken due to zero 
variance in some of the cells in the data matrix. This reflects 
the fact that most of the entries were made during the first 4 
min period for all rats. When this period was further divided 
into four 1 min periods there were still no significant group 
differences. There was, however, a highly significant trial 
effect, F(3,117)=114.38, p<0.0000, showing that all rats had 
a similar decrease in number of entries or rate of learning 
during the first 4-min period. 

Due to the low number of entries during the following four 
periods, the scores from period 2+3 and 4+5 were summed 
up to permit meaningful statistical analyses. However, the 
variances of the groups were significantly different when 
tested for homogeneity, F(9,9)= 14,4, p<0.001, F(9,10)=7.6, 
p<0.005, F(9,11)=5.49, p<0.01. The two remaining periods 
were therefore analysed with nonparametric statistics. The 
Kruskal-Wallis test revealed that there were significant 











LINE CROSSINGS 


DAY I 


| 
| 
| 
| 
4 
| 
4 


No of crossings 








Periods 


FIG. 4. Mean number of line crossings made in the passive 
avoidance test during five 4 min periods on two consecutive days. 


group differences in period 2+3, H(3)=11.8, p<0.01, but not 
in the last period (4+5). Mann-Whitney U-tests showed that 
the EL group made significantly more entries than the C 
group, U(10,12)=17, p<0.02, the 6-OHDA_ group 
U(i1,12)=22, p<0.02 and the IBO group, U(10,12)=20.5, 
p<0.02. The other groups were not significantly different 
from each other. These results indicate that although all the 
groups made a similar number of shock area entries through- 
out the test, the inhibitory or conditioned passive avoidance 
response was acquired more slowly in the EL than in the 
other groups. This finding was further confirmed when the 
number of rats in each group that entered the shock areas 
were compared. In the first period all rats entered the shock 
areas. In the 2+3 period 100% of the EL still entered the 
shock areas, while only 40% of the C group, 45% of the 
6-OHDA group and 50% of the IBO group made entries dur- 
ing this period, CHI(3)=11.093, p<0.02. Further analyses 
with the Fisher exact probability test showed that the EL 
group was significantly different from the C group (p<0.01), 
the 6-OHDA group (p<0.02) and the IBO group (p<0.025), 
while the three latter groups were not significantly different 
from each other. 


Line Crossings 


A three-way ANOVA revealed an overall difference be- 
tween the groups, F(3,39)=5.457, p<0.003, and a significant 
group xX days xX periods interaction, F(12,156)=2.926, 
p<0.0011, indicating that the groups’ behavior were different 
over days and periods. As can be seen in Fig. 4, all groups 
showed decreasing activity over periods, F(4,156)= 138.086, 
p<9.0000, but at different rates, F(3,39)=2.458, p<0.0058). 
The Duncan test showed that the EL group made signifi- 
cantly more crossings than C (p<0.05) and 6-OHDA (0.01), 
but not the IBO group. Both IBO and C were significantly 
more active than the 6-OHDA group (p<0.05 and 0.01, re- 
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FIG. 5. Mean time spent immobile during the passive avoidance test 
during five 4 min periods on two consecutive days. 


spectively). On day II, however, the difference between C 
and 6-OHDA had disappeared. The C group showed the 
highest drop in line crossings over days, p<0.001, while the 
drops in the other groups were significant at the p<0.005 
level. 


Immobility 


A three-way ANOVA showed a significant overall group 
effect, F(3,39)=6.833, p<0.0008. Detailed analyses un- 
covered that the EL group spent significantly less time im- 
mobile than all the other groups on both days. On day I the 
various comparisons were significant at p<0.005 for the C 
and 6-OHDA group, and at p<0.01 for the IBO group. On 
day II the corresponding values were p<0.05 and p<0.01. 
There were no significant differences between these three 
groups. There was, on the other hand, a significant groups < 
days X periods interaction effect showing that not all groups 
showed the same pattern of increase over days and periods. 
This effect appeared to be related to the 6-OHDA and the EL 
group for which the increases were not significant on either 
days, while the C, F(4,36)=6.31, p<0.05, and the IBO group, 
F(4,36)=7.75, p<0.05, showed a significant increase in im- 
mobility over periods on day I, but not on day II (see Fig. 5). 


Rearing and Grooming 

There were no significant overall or interaction effects 
between the groups in rearing or grooming activity. In rear- 
ing activity all the groups showed a significant decrease over 
periods, F(4,156)=10.845, p<0.0000, but not over days. 
Grooming activity increased over periods, F(4,156)=4.308, 
p<0.0025, and over days, F(1,39)=4.238, p<0.0463. 


Behavioral Sceres Recorded Every Tenth Second 


The sum of scores from the: behavioral categories re- 
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corded every tenth second (head or small body movements 
+ sniffing + rearing + walking) were also statistically tested 
with ANOVA. The analysis showed a highly significant 
group effect, F(3,39)=9.16, ~<0.001, and again further 
analyses revealed that the EL group was significantly more 
active than all the other groups (p<0.005, for all compari- 
sons). 


Extinction 


During the extinction session (no electrical shocks) there 
was a Significant group effect in latencies to the first entry 
into the shock areas (Kruskal-Wallis, p<0.05). Mann- 
Whitney tests revealed that the EL group entered the shock 
areas significantly faster than the C and the 6-OHDA group 
(p<0.02, for both comparisons). In contrast to day II of the 
acquisition test, the IBO group was not significantly different 
from the other groups. Only the 6-OHDA showed longer 
latencies when compared with day II (Wilcoxon, p<0.05). In 
the EL group 70% of the rats entered the shock areas during 
the first period. When tested with the Fisher test, this was 
significantly more than in the C group (20%), p<0.05, more 
than the 6-OHDA group (18%), p<0.025, but not different 
from the IBO group (40%). 

There was no significant group effect for the total time 
spent in the shock areas, or when separate periods were 
analysed. The amount of small body movements was signifi- 
cantly different between the groups, F(3,39)=3.92, p<0.025. 
The amount was highest in the EL group which was signifi- 
cantly different from the C and the IBO group, p<0.05, and 
the 6-OHDA group, p<0.01. The other comparisons were 
not significantly different from each other. 

The total number of entries made into the shock areas and 
the number of line crossings were not different between the 
groups in this extinction session. All four groups also exhib- 
ited a similar mean amount of rearings, grooming and snif- 
fing. In time spent immobile the groups were not signifi- 
cantly different from each other during the 15 min session. In 
the 30 min session, however, a significant group effect 
emerged, F(3,15)=9.26, p<0.005, that was carried by the 
6-OHDA group which spent significantly more time immobile 
than any of the other groups (p<0.001, for all comparisons). 


Plasma Corticosterone Levels 


There were no significant group differences in the plasma 
corticosterone levels after the 15 min or the 30 min extinction 
test. 


DISCUSSION 


The most striking behavioral effect of lesions restricted to 
the central amygdala nucleus was the increased activity in 
the EL group in both the open field and the passive 
avoidance tests. The IBO group also showed an increase in 
activity, particularly in the open field test, but also to a cer- 
tain extent in the passive avoidance acquisition. The 
6-OHDA group showed a slight increment in open field ac- 
tivity compared to control rats on the third day, but was 
significantly lower in line crossings during the passive 
avoidance acquisition. 

The observed increase in open field activity opposes the 
findings reported by Grossman, Grossman and Walsh [11], 
who found a decrease in open field activity after central 
amygdala lesions. Procedural differences may, however, 
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explain the discrepancy. Previous to the open field test, the 
animals in Grossman et al.’s experiment had been tested in a 
shuttle box avoidance task, in addition to several other tests. 
In our own laboratory (unpublished data) we have found that 
differences in open field activity between amygdala lesioned 
and control rats are attenuated, if avoidance training is intro- 
duced between two open field sessions spaced more than one 
week apart. The amount of handling also seems to be an 
important factor in optimizing differences between amygdala 
lesioned and control rats. McIntyre and Stein [19] found no 
effects of central amygdala lesions upon exploratory behav- 
ior in an alley with an attached home cage. However, the 
observed parameters were mostly time parameters such as 
latency to first entry into the alley, time to reach the end of 
the alley, reentries to the home cage and total time spent in 
the alley/home cage. Kemble, Studelska and Schmidt [15], 
also using various time parameters and number of boli when 
studying the effect of central amygdala lesions in an open 
field, confirmed the results of McIntyre and Stein. In none of 
these experiments were ambulation scores recorded. 

On the other hand, the increased upen field activity in our 
experiment is in agreement with the findings of Werka et al. 
The consistency of this activity increase is further reflected 
in Our passive avoidance results, which are also in line with 
our previous findings after combined central and basolateral 
lesions [12]. This increase in locomotor activity cannot be 
attributed to loss of inhibitory control [18], since we found 
highly significant decreases in line crossings over trials for all 
groups in the passive avoidance task (see Fig. 4). The EL 
group, however, spent significantly less time immobile and 
freezing than any of the other groups, and they did not show 
any increases over periods or days like the other groups. 

There were no dramatic deficits in passive avoidance ac- 
quisition, retention or extinction in the lesion groups. Even 
so, there were clear differences between the various groups. 
The EL group took longer time to establish the avoidance 
response, and the IBO and the EL group showed signs of 
impairment during the first period of the retention test (day 
II). This may indicate a slight impairment in long-term mem- 
ory, or that the conditioned avoidance response was not 
consolidated to the same extent in these groups during the 
first day. The 6-OHDA group showed no signs of impairment 
in any parts of the passive avoidance test. On the contrary, 
this group spent significantly more time immobile than any 
other group during the 30 min extinction session. However, 
the 6-OHDA group was more or less similar to the control 
group on almost all the other investigated parameters. 

In contrast to what one would expect if reduced fear is 
used to explain increased activity and slower passive 
avoidance conditioning, there were no significant differences 
between the groups in plasma corticosterone levels. These 
findings oppose the suggestions made by Blanchard and 
Blanchard [3] and Slotnick [25], that amygdalectomy inter- 
feres with the arousal of fear. The passive avoidance results 
and the corticosterone data clearly suggest that fear condi- 
tioning and fear arousal have taken place, both in the EL and 
the IBO lesioned groups, although at a slower rate in the EL 
group. On the other hand, it is still possible that the delayed 
passive avoidance conditioning is due to a reduced level in 
fear arousal in the initial phase of the conditioning session. 
Such a suggestion is supported by the findings that rats with 
combined basolateral and central amygdala lesions showed 
decreased corticosterone levels only during the initial phase 
of two-way active avoidance training (Coover, Ursin and 
Levine, [5]). More recent findings by Kapp et al. (1979, 1980, 
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1981), that rabbits with central amygdala lesions showed re- 
duced bradycardia during the acquisition phase of Pavlovian 
fear conditioning, further support such a suggestion, at least 
for the role of the central amygdala nucleus. Such a tempo- 
rary decrease in fear arousal may be due to impaired sensory 
processing of incoming external stimulation and conse- 
quently a delay in the formation of associations between 
neutral and noxius stimuli, like Cole [4] and Bagshaw, Mac- 
Worth and Pribram [1] previously have suggested. 

In the present study, selective destruction of central 
amygdala neurons led to a very consistent increase in loco- 
motor activity both in the open field and in the passive 
avoidance task. On the other hand, this activity increase 
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does not lead to passive avoidance impairments. The de- 
layed passive avoidance conditioning seems to depend on 
the destruction of fibers passing through the central amyg- 
dala nucleus. Since selective lesions of neurons in the central 
and the basolateral nucleus produced both increased activity 
and impaired passive avoidance learning [12], the basolateral 
nucleus may be a good candidate for further investigation. 
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WADE, G. N., T. J. BARTNESS AND J. R. ALEXANDER. Photoperiod and body weight in female Syrian hamsters: 
Skeleton photoperiods, response magnitude, and development of photorefractoriness. PHYSIOL BEHAY 37(6) 863-868, 
1986.—Two experiments examined the effects of various photoperiods on body weight and reproductive function in Syrian 
hamsters (Mesocricetus auratus). In Experiment | female hamsters were exposed to symmetrical skeleton photoperiods in 
which dawn and dusk were mimicked by 1-hr light pulses. A skeleton long (LD 16:8) photoperiod had no effect on body 
weight or estrous cyclicity (compared with animals in a complete LD 16:8 photoperiod), but exposure to a skeleton short 
(LD 10:14) photoperiod increased body weight and interrupted estrous cycles. Thus, body weight appears to respond to the 
relative timing of the two light pulses (a circadian mechanism) rather than to the absolute amount of light or darkness (an 
hourglass mechanism), just as does reproduction. In Experiment 2 female hamsters were exposed to a long photoperiod 
(LD 16:8) or to one of two short photoperiods (LD 10:14 and LD 8:16). Both short photoperiods increased body weight and 
interrupted estrous cycles, but the LD 8:16 photoperiod was substantially more effective at increasing body weight than 
was the LD 10:14. Thus, hamster body weight appears to be capable of a graded response to photoperiod, with shorter days 
producing a greater obesity. With prolonged exposure to the two short photoperiods (>30 weeks), body weights spontane- 
ously returned to the same level as the long-day controls, and estrous cycles resumed. When these hamsters were treated 
with the pineal gland hor:r:one, melatonin, only those housed in long days exhibited the characteristic body weight gains, 
growth of brown and white adipose tissues, and decreases in uterine weight. Therefore, with prolonged exposure to short 


days, energy balance develops a photorefractoriness and)an insensitivity to melatonin treatment, just as with reproductive 
function. 


Body weight Brown fat Melatonin Photoperiod Syrian hamsters 





SYRIAN hamsters (Mesocricetus auratus) exhibit striking 
seasonal changes in a vareity of neural, endocrine, and 


periodic stimulation, and the animals are refractory to short 
photoperiods [5, 6, 13]. The effects of photoperiod on repro- 


metabolic functions [2, 5-7, 13, 14]. The seasonal fluctua- 
tions in reproductive function have been recognized for quite 
some time and have been characterized in detail [S—7, 13]. In 
Syrian hamsters and numerous other seasonal breeders, 
photoperiod (day length) is the principal environmental cue 
which regulates reproductive activity. Hamsters are long- 
day breeders; they remain reproductively active as long as 
they are exposed to more than 12.5 hours of light per day. 
When day lengths fall below 12.5 hours (as in the autumn), 
hamsters become reproductively inactive. After exposure to 
short photoperiods for 4 to 5 months, the gonads undergo a 
spontaneous recrudesence in the absence of any photo- 





duction are mediated by the pineal gland. Pinealectomized 
hamsters are unresponsive to photoperiod, and exogenous 
treatments with the pineal hormone, melatonin, mimic the 
effects of short photoperiods in animals housed in long days 
[S-7, 13]. 

Hamster energy metabolism is also responsive to photo- 
period. Syrian hamsters fatten when exposed to short photo- 
periods (e.g., LD 8:16), typically without increasing their 
food intake [1, 2, 8, 16]. In these animals, which fatten in part 
because of a decrease in energy expenditure, there is also a 
paradoxical growth of brown adipose tissue and an increase 
in whole-animal thermogenic capacity [1, 10, 16]. Treatment 
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FIG. 1. Body weight gain of female Syrian hamsters housed in a complete LD 16:8 
photoperiod or in a symmetrical skeleton photoperiod in which 1-hr light pulses 
simulated dawn and dusk. After 10 weeks in a skeleton 16:8 photoperiod, animals 
were shifted to a skeleton 10:14 photoperiod. Baseline body weight= 102 g. 
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FIG. 2. Body weight gain of female Syrian hamsters exposed to three different 
photoperiods (LD 16:8, LD 10:14, and LD 8:16). Baseline body weight=108 g. 


with melatonin mimics the effects of short photoperiods on 
body weight and brown adipose tissue [1, 2, 10, 16]. With 
prolonged exposure to short photoperiods there is a spon- 
taneous reversal of the increased body fatness and growth of 
brown adipose tissue, just as there is a spontaneous gonadal 
recrudesen, = [16]. 

Several lines of evidence now indicate that energy bal- 
ance and reproductive function exhibit parallel responses to 
photoperiod and melatonin treatments, although the two 
kinds of responses are independent of one another [1, 2, 16]. 
The purpose of these two experiments is to further charac- 
terize the energetic responses to photoperiod with an eye 
toward comparisons with previously established reproduc- 
tive phenomena. 


EXPERIMENT 1: SKELETON PHOTOPERIODS 


Two principal theories have been invoked to account for 
the highly accurate photoperiodic time measurement which 
is seen in seasonal breeders. In ‘‘hourglass’’ models animals 


are thought to measure the absolute duration of the light or 
dark period (via some biochemical process) or the ratio be- 
tween the two. In the alternative ‘‘circadian’’ model there is 
thought to be circadian rhythm of responsiveness to photo- 
stimulation. If light, even of very brief duration, falls within 
this period of responsiveness, animals will respond as though 
they are in a long photoperiod [4, 5, 12]. An overwhelming 
body of evidence now indicates that hamster reproduction is 
regulated by a circadian rhythm of photosensitivity (for re- 
views see [5—7, 13]). 

One of the lines of evidence for the participation of circa- 
dian rhythms of photosensitivity in hamster reproduction 
comes from experiments using skeleton photoperiods [4, 5, 
12]. In a skeleton photoperiod, animals are given two rela- 
tively brief (typically 0.25—2 hours each) pulses of light each 
day, one mimicking dawn, and the other dusk. In skeleton 
photoperiods, hamsters respond to the relative timing of the 
two light pulses, not the absolute duration of light or dark. 
The first experiment examined the effects of ‘‘long’’ and 
‘“‘short’’ skeleton photoperiods on body weight in female 
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FIG. 3. Body weight gain of female Syrian hamsters which had been 
exposed to one of three different photoperiods for 38 weeks (see Fig. 
2). Animals were treated with either melatonin (25 yg/day, sub- 
cutaneously, | hr before lights-out) or vehicle (0.9% NaCl-5% 
ethanol). Mean baseline body weight was 158-161 g for the 6 treat- 
ment groups. MEL=melatonin, SAL=vehicle. 


Syrian hamsters, in an attempt to determine whether body 
weight responds to the absolute duration of light and dark or 
to their relative timing. 


METHOD 
Animals and Housing 


Twenty adult female Syrian hamsters weighing 90-100 g 
were purchased from Charles River Breeding Laboratories 
(Wilimgton, MA) and housed in stainless-steel wire-bottom 
hanging cages (17.5 17.5x25 cm) at a room temperature of 
22+ 1°C. During the baseline period (4 weeks) hamsters were 
housed in a long photoperiod (LD 16:8; lights on at 0500 hr) 
and given ad lib access to Purina Laboratory Rodent Chow 
(NO. 5001) pellets and tap water. Body weight and food in- 
take (corrected for spillage and pouching) were measured to 
the nearest 0.1 g at weekly intervals. 


Procedure 


The hamsters were divided into two groups (n=10 each), 
matched for baseline food intake and body weight. One 
group (Control) remained in the LD 16:8 photoperiod for the 
duration of the experiment. The other group (Skeleton) was 
first switched to a symmetrical long-day skeleton 16:8 
photoperiod. That is, they were exposed to | hr of light at 
*‘dawn’”’ and ‘‘dusk’’ only (1 L:14 D:1 L:8 D; lights on at 
0500 and 2000 hr). After 10 weeks these animals were 
switched to a short-day skeleton 10:14 photoperiod (1 L:8 
D:1 L:14 D; lights on at 0800 and 1700 hr). Animals remained 
in this photoperiod for 16 weeks. 

At the beginning of the experiment, both groups were 
switched to a high-fat diet consisting of 2 parts powdered 
Purina chow and | part vegetable shortening (5.4 kcal/g; 
[{15]), because the effects of photoperiod on Syrian hamster 
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body weight are more evident when animals are fed a high- 
fat diet [1,16]. Measurements of food intake and body weight 
continued at weekly intervals. In addition, water intake was 
measured during the two periods of darkness in the Skeleton 
group in order to assure that the animals had entrained to the 
skeleton photoperiods as intended. Hamsters do a majority 
of their drinking during their subjective night [18]. 
Differences between groups were analyzed with t-tests. 


RESULTS 


As reported previously [1,16] the hamsters gained ap- 
proximately 50 g when switched to the high-fat diet (Fig: 1). 
This weight gain was accompanied by a modest increase in 
food intake which did not approach statistical significance 
(data not shown). All animals entrained appropriately to the 
skeleton photoperiod and continued to do 75-80% of their 
drinking at ‘‘night.”’ 

Exposure to the skeleton 16:8 photoperiod had no effect 
at all on food intake or body weight (Fig. 1), and all ten 
Skeleton animals continued to show estrous cycles during 
weeks 9 and 10. Starting 6 weeks after they were switched to a 
skeleton 10:14 photoperiod the Skeleton group gained ap- 
proximately 20 g (p<0.01) (Fig. 1), without an increase in 
caloric intake (Control=40.5+2.2 kcal/day, Skeleton= 
40.7+1.8 kcal/day). With prolonged exposure to the 
skeleton 10:14 photoperiod, body weights spontaneously re- 
turned to Control levels (Fig. 1), as reported previously with 
complete photoperiods [16]. After 12 weeks in the skeleton 
10:14 photoperiod, only 1 out of 10 hamsters continued to 
show estrous cycles. By the last week of the experiment 9 
out of 10 Skeleton animals were cycling. 


EXPERIMENT 2: DIFFERENT PHOTOPERIODS AND 
REFRACTORINESS TO MELATONIN 


Hamsters exposed to a short photoperiod exhibit a period 
of reproductive quiesence followed 4-5 months later by a 
spontaneous resumption of gonadal activity [S—7, 13]. After 
this resumption of reproductive function, hamsters are 
photorefractory. That is, they remain reproductively compe- 
tent no matter what the photoperiod, even constant dark- 
ness. In addition, melatonin treatment has no effect on re- 
productive function during this photorefractory period 
(3,11]. Termination of this photorefractoriness is induced by 
prolonged exposure to long days [3,11]. 

Hamsters exposed to a short photoperiod also exhibit 
weight gains and growth of brown adipose tissue which are 
followed by a spontaneous return to control levels (Experi- 
ment 1, [16]). One purpose of the second experiment was to 
determine whether these responses would show a similar 
refractoriness to melatonin after prolonged exposure to short 
photoperiods. 

A. second purpose of this experiment was to determine 
whether all short photoperiods would be equally effective at 
increasing hamster body weight. In Experiment | the 
animals exposed to the skeleton 10:14 photoperiod showed 
weight gains which seemed to be less impressive than those 
of hamsters exposed to shorter days (LD 8:16; Experiment 1, 
cf. [16]). It is not clear whether this apparent difference 
could be due to the different daylengths used or whether 
skeleton photoperiods are less effective than complete 
photoperiods. Experiment 2 compared the effects of two 
short photoperiods (LD 10:14 and LD 8:16) with one long 
photoperiod (LD 16:8) 
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FIG. 4. Terminal organ weights and interscapular brown adipose tissue protein content 
of animals from Fig. 3. Asterisk indicates p<0.05 versus all other groups. WAT=white 
adipose tissue, BAT=brown adipose tissue. 


METHOD 
Animals and Housing 


Thirty-three female Syrian hamsters weighing 90-100 g 
were purchased from Charles River and housed as in Exper- 
iment 1. 


Procedure 


The hamsters were divided into three groups (n=11 each) 
matched for baseline food intake and body weight. One 
group remained in the long photoperiod (LD 16:8, lights-on 
at 0100 hr) for the duration of the experiment. The other 
groups were switched to one of two short photoperiods (LD 
10:14, lights-on at 0300 and LD 8:16, lights-on at 0500), also 
for the duration of the experiment. As in Experiment], all 
animals were switched to the high-fat diet at the time of the 
photoperiod manipulations. 

After 38 weeks in the three different photoperiods, each 
group was divided in two (n=5 animals each) matched for 
food intake and body weight. Animals were then treated with 
either melatonin (25 yg/day, subcutaneously, 1 hr before 
lights-out) or vehicle (0.9% NaCl-5% ethanol) for 7 weeks. 
Animals were killed with an overdose of sodium pentobarbi- 
tal. Interscapular brown adipose tissue, parametrial white 
adipose tissue, and uterus were dissected and weighed. 
Brown adipose tissue protein content was measured by the 


method of Lowry et al. [9]. Food intake and body weight 

were measured at weekly intervals as in Experiment 1. 
Data were anlayzed with f-tests and analyses of variance 

followed by Newman-Keuls post hoc tests where appropriate. 


RESULTS 


As in Experiment 1, all groups gained weight when 
switched to the high-fat diet (Fig. 2). Again there was a small 
increase in daily food intake (~5%) which did not approach 
statistical significance (data not shown). 

Both short photoperiods caused statistically significant 
body weight gains. The LD 8:16 group was significantly 
heavier than the long-day controls by week 6, and the LD 
10:14 group was heavier by week 10 (p’s<0.05) (Fig. 2). The 
LD 8:16 group remained heavier than the controls through 
week 28, and the LD 10:14 group was heavier through week 
20. In addition, the LD 8:16 group was significantly heavier 
than the LD 10:14 group during weeks 10 through 30 
(p’s<0.05) (Fig. 2). By week 32 both short photoperiod 
groups had returned to approximately the level of the long- 
day controls. Again, these photoperiod-induced weight 
changes were not accompanied by any statistically signifi- 
cant changes in food intake. None of the short photoperiod 
animals exhibited estrous cycles when tested during weeks 
16 and 17. 

Melatonin treatment increased body weight gain in the 
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hamsters housed in the long photoperiod (LD 16:8) but not 
those in short photoperiods (LD 10:14 and LD 8:16) (Fig. 3). 
The melatonin-treated animals in LD 16:8 gained signifi- 
cantly more weight than vehicle-treated controls by week 2 
of treatment (p<0.01). Body weight stabilized after 4 weeks 
of melatonin treatment. During the 4 weeks of rapid weight 
gain, the melatonin-treated animals in LD 16:8 ate slightly 
more than the controls (48.6+1.9 kcal/day versus 44.8+3.0 
kcal/day), but this difference was not statistically significant. 
By the end of the experiment only 1 out of 5 melatonin- 
treated hamsters in LD 16:8 continued to show estrous cy- 
cles, whereas all other animals were cycling. 

Postmortem analyses indicated that again melatonin was 
effective only in hamsters housed in the long photoperiod 
(compared with all other treatment groups, Fig. 4). Melato- 
nin treatment increased the weight of the parametrial white 
adipose tissues (p<0.01), decreased uterine weight (p<0.01), 
and increased interscapular brown adipose tissue wet weight 
(p<0.05) and protein content (p<0.01). Total carcass lipid 
content was almost certainly increased, because the weight 
of the parametrial fat pad is highly correlated (r>.9) with 
total body lipid in hamsters [16,17]. 


DISCUSSION 


The results of these two experiments continue to reveal 
similarities in the effects of photoperiod on reproduction and 
energy balance in Syrian hamsters. In Experiment 1, just two 
hr of light per day was insufficient to maintain estrous cyclicity 
and prevent body weight gains if the two 1-hr light periods 
were timed to simulate an LD 16:8 photoperiod. When the 
1-hr light pulses were shifted to form an LD 10:14 skeleton 
photoperiod, the animals gained weight and stopped cycling. 
These findings would seem to be inconsistent with the 
possibility that photoperiod effects on hamster body weight 
are mediated by some sort of “‘hourglass’’ mechanism. The 
animals appeared to respond to the timing of the light pulses, 
rather than to the absolute amount of light or darkness. 
Thus, it is likely that circadian mechanisms mediate the ef- 
fects of photoperiod on body weight in Syrian hamsters, just 
as they do for reproduction [5, 6, 13]. However, further ex- 
periments utilizing resonance photoperiods and T cycles (see 
[6] for review) will be necessary before we can make this 
assertion with any certainty. 

In Experiment 2, an LD 8:16 photoperiod was more ef- 
fective at increasing body weight than was an LD 10:14 
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photoperiod. Body weights of the LD 8:16 group rose more 
rapidly, peaked at a higher level, and remained elevated 
longer than those of the LD 10:14 group (Fig. 3). This finding 
suggests that hamsters may possess mechanisms for adjust- 
ing the magnitude and duration of their metabolic responses 
to photoperiod in order to adapt to different latitudes. That 
is, they might be capable of greater responses at more north- 
ern latitudes. 

It has been suggested that in male hamsters the magnitude 
and duration of the gonadal regression are not related to day 
length, as long as the animals receive less than 12.5 hr of light 
per day [6]. However, we are not aware of any systematic 
attempt to examine this possibility. Thus, it is not clear 
whether the reproductive and body weight responses to 
photoperiod differ in this respect. 

After prolonged exposure to short photoperiods, ham- 
sters become photorefractory; neither short photoperiods 
nor melatonin treatment will affect reproduction. Experi- 
ment 2 revealed that the same is true for body weight regula- 
tion. Hamsters housed in LD 8:16 or LD 10:14 photoperiods 
for over 38 weeks exhibited no changes in body weight, 
white adipose tissue, or brown adipose tissue in response to 
melatonin injections, unlike animals housed in long days. 
Unfortunately, the mechanisms mediating this refractoriness 
to short photoperiods and melatonin treatments remain 
completely unknown. 

Taken together with previous work from this lab [1, 2, 
16], these findings indicate that there are numerous 
similarities in the effects of photoperiod on reproductive 
function and on regulation of energy balance in Syrian ham- 
sters. Thus, although the two kinds of responses appear to be 
independent of one another [1, 2, 16], they may be governed 
by similar, and perhaps overlapping, neural and endocrine 
processes. A difference in the two responses could lie in 
their reliance on the pineal gland. Pinealectomy prevents all 
reproductive responses to photoperiod in Syrian hamsters 
{[S-7, 13], but we [1] and others [8] have reported that 
pinealectomized hamsters will fatten and gain weight when 
exposed to short photoperiods. These findings raise the 
possibility that there are both pineal-dependent and -inde- 
pendent mechanisms mediating photoperiod effects on body 
weight [1, 2, 8]. However, recently we have had only partial 
success in replicating the photoperiod-induced weight gains 
in pinealectomized hamsters. The circumstances under 
which the pineal-independent weight gains are seen are not 
yet obvious. 
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THOR, D. H. AND W. R. HOLLOWAY, JR. Testosterone dependent effects of methylphenidate on social investigatory 
behavior of the rat. PHYSIOL BEHAV 37(6) 869-873, 1986.— Previous work suggested a sex difference in social inves- 
tigatory behavior of a novel conspecific during acute exposure to methylphenidate. In contrast to caffeine, which has been 
observed to increase social investigatory behavior only in males, methylphenidate decreased social investigatory behavior 
only in females. Testosterone-treated females were comparable to males and were unaffected by methylphenidate. Cas- 
trated males were comparable to females in their sensitivity to methylphenidate. Like caffeine, methylphenidate increased 
locomotor activity in both males and females, suggesting that drug effects on social investigation cannot be attributed to a 
nonspecific stimulant effect. The combined results reveal a sex-related interaction of circulating testosterone with acute 
methylphendiate exposure. Interpretations are discussed including the behavioral contrast following exposure to methyl- 


phenidate or to caffeine. 
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SEX differences in the reproductive behaviors of mammals 
have long been observed, and sex differences in nonre- 
productive social behaviors have also been reported in a 
variety of species [1]. In the laboratory rat, persistence of 
social investigatory behavior, upon exposure to a novel con- 
specific, is sexually dimorphic [16] and, in part, contingent 
on circulating androgens as well as perinatal androgen expo- 
sure [18]. 

Gonadal hormones can also interact with pharmacologic 
response to central nervous system stimulants. For example, 
we recently reported that gonadal androgens affect the be- 
havioral response to acute caffeine exposure [10]. Although 
caffeine increases locomotor activity in both sexes, it reli- 
ably increases the social investigatory behavior only of 
males. Male castrates are comparable to females in their 
response to caffeine, and testosterone replacement therapy 
restores their responsiveness to caffeine. These results led to 
the speculation that some adenosine receptors may be tes- 
tosterone dependent or that A-1 and A-2 receptor popula- 
tions may differ in response to testosterone. 

Sex differences may generally be more apparent in sexu- 
ally dimorphic behaviors that are variably programmed by 
gonadal hormones. To test this notion we looked at the affect 
of acute exposure to methylphenidate HCI (Ritalin) on the 
social investigatory behavior of sexually mature male and 
female laboratory rats. Methylphenidate is useful in the 
long-term medical treatment of attention deficit and 
hyperactivity in juveniles and adults [4, 7, 15], a common 
and chronic behavior disorder affecting 3-5% of school-age 
children and occurring most often in males (90% of cases). 


EXPERIMENT 1: METHYLPHENIDATE 
RESPONSIVENESS OF ADULT MALE AND FEMALE 
RATS 


Adult male and female rats were exposed to methylpheni- 
date or vehicle to observe and compare locomotor activity 
and social investigatory behavior upon exposure to a novel 
juvenile conspecific. We reasoned that a sexually dimorphic 
behavioral response to methylphenidate may be evident for 
social investigatory behavior and absent for locomotor ac- 
tivity (i.e., an outcome comparable to that obtained with 
caffeine exposure [10)]). 


METHOD 
Subjects 


Eight adult (S—6 month) male and eight adult female Long 
Evans hooded rats were used. All were sexually naive and 
had been maintained in small groups of like sex prior to 
individual housing two days preliminary to testing. Food and 
water were freely available throughout. Overhead lighting 
was on a 12:12 light-dark schedule. 


Treatment 


Each subject was tested in its home cage (41 x 5122 cm) 
after exposure to 0, 2, 4, 6, 8, or 10 mg/kg of methylphenidate 
HCI (Ritalin-Ciba Geigy) in aqueous solution. Within sex 
groups, each subject received dosages in a different order at 
2-day intervals. Fifteen minutes after injection, locomotor 
activity was measured by observing the number of cage 
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8, and 10 mg/kg methylphenidate HCI. 


quadrants entered by the subject during a 2-min interval. 
Immediately thereafter, a juvenile male (of the same strain) 
was placed in the subject’s home cage and the duration and 
frequency of social investigation by the subject was ob- 
served. Social investigation was defined as sniffing, follow- 
ing, grooming, or nosing, i.e., active and focused attention 
by the subject toward the juvenile. Observation continued 
until the subject failed to attend to the juvenile for 30 con- 
secutive seconds, hereafter referred to as the criterion of 
neglect or inattention. Very brief movements (<1 sec) 
toward or away from the juvenile were not scored. Upon 
reaching criterion, the juvenile was removed from the sub- 
ject’s cage and the subject remained isolated until retested 48 
hr later. 

Juvenile social stimuli (25 to 35 days of age) were group 
housed males and were used once per test day. When in 
estrus, female subjects were tested on the following day. 

In addition to the duration of social investigation prior to 
the neglect criterion, behavioral measures included fre- 
quency of investigative bouts and time to criterion (interval 
from placement of the stimulus in the subject’s cage to the 
end of 30 consecutive seconds of inattention by the subject 
toward the stimulus). 


RESULTS AND DISCUSSION 


Data for each measure were analyzed by a two-way 
analysis of variance with repeated measures (Sex x Dose). 

The sex difference in duration of social investigation was 
evident, F(1,14)=20.08, p<0.001, with males investigating 
social stimuli longer than females. Dosage of methylpheni- 
date also affected investigation time, F(5,70)=3.04, p<0.05, 
with a drug-related decrease in investigation time with in- 
crease in dosage. Although the interaction was not reliable, 
one-way analyses for each sex indicated a reliable dose- 
related decrease in investigation time only for females, 
F(5,35)= 12.46, p<0.001. A Newman-Keuls multiple com- 
parison test indicated that investigation time of females re- 
ceiving only the vehicle was greater than investigation by 
females receiving 2-10 mg/kg of methylphenidate (p<0.01) 
and that investigation was greater after 2 mg/kg than after 8 
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(p<0.05) or 10 (7<0.01) mg/kg. All other dosages did not 
differ. Means and variances (SEM) are given in Fig. 1. 

Male and female groups did not differ reliably in locomo- 
tor activity, but the main effect of dosage was reliable, 
F(5,70)=7.57, p<0.001. A Newman-Keuls test indicated re- 
liably (p<0.01) greater activity following each methylpheni- 
date dose than for vehicle; activity means for dosages of 2, 4, 
6, 8, and 10 mg/kg did not differ reliably. 

Mean investigative bout frequency for females was reli- 
ably less than that for males (means=4.1 and 13.4), 
F(1,14)=11.90, p<0.01. Bout frequency did not vary with 
dosage and the interaction was not reliable. Similarly, time 
to criterion was less for females than for males (means=74.8 
and 242.9 sec), did not vary with dosage, and did not interact 
with dosage. 

The above results confirm a robust sex difference in so- 
cial investigation of a novel juvenile conspecific [16]. 
Females also appear to be more sensitive than male) to 
methylphenidate exposure. Even at the low dosage of 2 
mg/kg, mean investigation time of females was reliably less 
than with vehicie. In contrast, males were unaffected by 
increasing dosage of methylphenidate. 

Sex differences in social investigation time may not be 
attributed to locomotor differences since the activity meas- 
ure did not discriminate between the sexes. Furthermore, 
the activity measure did not discriminate among dosages of 
methylphenidate exposure (i.e., when the 0 mg/kg dose was 
excluded). This lack of a dose-related effect on activity has 
been noted by others [14]. 


EXPERIMENT 2: METHYLPHENIDATE 
RESPONSIVENESS OF ADULT FEMALE RATS 
TREATED WITH TESTOSTERONE 


The sex-related effect of methylphenidate on social in- 
vestigatory behavior observed in Experiment | is in marked 
contrast to the effect of caffeine on social investigatory be- 
havior. Caffeine increases the social investigatory behavior 
of adult male rats, but has little or no effect on the social 
investigatory behavior of females [10]. Since the sex differ- 
ence with caffeine is mediated by gonadal hormones [10], as 
is the essential sex difference in social investigatory behavior 
[16], we presumed that gonadal androgens may be implicated 
in the sex difference in response to methylphenidate. 
Gonadal androgens may block or interfere with the methyl- 
phenidate effect seen in females. To test this interpretation 
we compared neonatally androgenized adult females treated 
with testosterone or oil and nonandrogenized adult females 
treated with testosterone or oil. If testosterone blocks or 
interferes with the methylphenidate-induced decrease in so- 
cial investigation, as observed in Experiment 1, then it may 
have a similar effect in females treated with testosterone. 
Androgenized and nonandrogenized groups were used to 
control for the organizational effects of neonatal androgen 
exposure. It was anticipated that oil-treated groups would 
decrease their social investigation during methylphenidate 
exposure and that testosterone-treated groups would be un- 
affected by methylphenidate exposure. 


METHOD 
Subjects 


Thirty-two adult (5 month) female Long-Evans hooded 
rats were used. There were eight in each of four groups: (1) 
neonatally androgenized and testosterone-treated in adult- 
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FIG. 2. Means and standard errors of investigation time (sec), time to criterion 
(sec), cage quadrants entered, and investigative bout frequency by neonatally 
androgenized and nonandrogenized TP- or oil-treated adult female groups (n=8 
per group) after receiving 0, 4, or 8 mg/kg methlyphenidate HCI. 


hood, (2) neonatally androgenized and oil-treated in adult- 
hood, (3) non-neonatally androgenized and testosterone- 
treated in adulthood, and (4) non-neonatally-androgenized 
and oil-treated in adulthood. All were maintained in like- 
treated group cages until two days prior to testing when each 
subject was housed individually as described in Experiment 
1. Food and water were continuously available and the light 
schedule was that described previously. 


Procedure 


Each of 16 female neonates, from 8 litters, were injected 
subcutaneously with 250 ug of testosterone propionate (TP) 
in 0.05 ml of sesame seed oil on Day 1 and Day 2 (Day 1 
being day of birth). All pups were foster-reared after treat- 
ment and all pups were weaned at 21 days of age and thereaf- 
ter maintained in groups of like-treated females. 

At five months of age, each of eight androgenized females 
was treated with TP, receiving a daily subcutaneous injec- 
tion of 500 yg in 0.1 ml of oil for ten successive days prior to 
testing. Eight other androgenized females received daily in- 
jections of 0.1 ml sesame seed oil. 

Sixteen additional females were untreated as neonates but 
received oil or testosterone as adults (5 month) on the same 
ten-day schedule of daily subcutaneous injections and the 
same dosage of TP. 

All subjects were tested after receiving 0, 4 or 8 mg/kg of 
methylphenidate HCl. Each test was on alternate days as in 
Experiment 1; daily TP or oil injections were continued dur- 
ing the testing interval in the androgenized groups. Half of 
the subjects in each group received methylphenidate expo- 
sures on an increasing or a decreasing dosage schedule. 

Male juveniles, 25-35 days of age, were used as social 


stimuli in all home cage tests and all behavioral measures 
were those described previously. 


RESULTS AND DISCUSSION 


Three-way, repeated measures analyses of variance 
(Treatment x Order x Dose) were applied to each set of 
data. Newman-Keuls post hoc multiple comparison tests 
were also applied. All main effects of order were negligible. 

TP-treated adult females investigated longer than oil- 
treated androgenized females or nonandrogenized oil-treated 
females, F(3,24)=11.50, p<0.001. The effect of methyl- 
phenidate dosage was also reliable, F(2,48)= 12.00, p><0.001, 
as well as the Treatment x Dose interaction, F(6,48)=4.15, 
p<0.01. Greater mean discrepancies with increasing dosage 
of methylphenidate can be seen in Fig. 2. As in Experiment | 
for male subjects, the testosterone-treated adult females 
were unaffected by methylphenidate exposure. Means of the 
androgenized-oil treated and the nonandrogenized oil- 
treated groups both decreased markedly from vehicle when 
treated with either 4 or 8 mg/kg of methylphenidate (p<0.01) 
and did not differ from each other following vehicle or 
methylphenidate dosages. Similarly, TP-treatment in adult- 
hood prior to testing was effective in blocking the methyl- 
phenidate effect; androgenized and nonandrogenized groups 
did-not differ from each other at varying dosages of 
methylphenidate. 

Activity generally increased with dosage, F(2,48)=27.04, 
p<0.001, and the Dosage x Groups interaction was reliable, 
F(6,48)=2.67, p<0.05, due to the relatively low activity of the 
androgenized-TP Group at the higher dose. The latter obser- 
vation is not supported by the results of Experiment | (i.c., 
males and females did not differ in activity and were both 
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FIG. 3. Means and standard errors of investigation time (sec) and 
time to criterion (sec) by intact (n=10) and castrate (n=10) adult 
male groups after receiving 0 or 8 mg/kg methlyphendiate HCI. 


more active following methylphenidate than with vehicle. 
Means and variances are given in Fig. 2, 

Methylphenidate decreased time to criterion and bout 
frequency in non-TP-treated adult females but had no effect 
on TP-treated adults. The main effect for Groups was reli- 
able for time to criterion, F(3,24)=8.61, p><0.001, and mar- 
ginally reliable for bouts, F(3,24)=2.33, p<0.10. The Groups 
x Dosage interaction was also reliable for time to criterion, 
F(6,48)=3.17, p<0.02, and marginally reliable for bouts, 
F(6,48)=2.21, p<0.10. As with investigation time, the dis- 
crepancies between treatment means increased with the in- 
crease in methylphenidate dosage, and this interaction effect 
is readily attributed to the lack of a methylphenidate effect 
on groups currently exposed to TP in comparison to groups 
not currently exposed to TP. 

The data implicate circulating testosterone, and/or 
metabolites, in the differential response of males and females 
to methylphenidate as revealed in their social investigatory 
behavior. Neonatal androgenization is evidently not a con- 
tributing variable, at least in the present experimental 
paradigm. 


EXPERIMENT 3: CASTRATION AND 
METHYLPHENIDATE RESPONSIVENESS IN ADULT 
MALE RATS 


Experiments 1 and 2 suggest that circulating gonadal 
androgens interact with methylphenidate exposure to affect 
social investigatory behavior. Deprivation of circulating 
androgens by castration may, therefore, increase the sen- 
sitivity of adult males to methylphenidate exposure. To test 
this hypothesis, we compared the social investigatory behav- 
ior of castrate and intact males after exposure to methyl- 
phenidate and to vehicle. 


METHOD 
Subjects 
Twenty adult (4 month) male Long-Evans hooded rats 
were used. All were sexually naive and had been maintained, 


since weaning, in all-male groups of four. Food and water 
were continuously available and the light schedule was that 
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described in Experiment 1. Ten received bilateral orchiec- 
tomy four weeks prior to testing and ten received scrotal 
incisions and sutures (sham-intact). All subjects received the 
same general anesthetic (Chloropent-Ft. Dodge Labora- 
tories) preliminary to surgery. 


Procedure 


Subjects were tested as in Experiment | after receiving 
vehicle or an 8 mg/kg dosage of methylphenidate HCl. 
Within treatment groups, order of testing was counterbal- 
anced. A two-day interval separated the two tests, and dur- 
ing the interim each subject was maintained in it’s home 
cage. 


RESULTS AND DISCUSSION 


The data for each measure was treated to a repeated 
measures analysis of variance (Order x Groups x Dose). 

Investigation time and time to criterion measures were 
comparable and indicated treatment group effects and inter- 
actions of treatment group with dosage. Castrated males in- 
vestigated less than intact males and had less time to crite- 
rion than intact males, F’s(1,16)=56.59 and 51.72 
(p’s<0.001). Interactions, F’s(1,16)=9.24 and 4.66, p’s<0.01 
and 0.05, are described in Fig. 3. For each measure there 
were reliable (p<0.01) decreases from vehicle to 8 mg/kg 
methylphenidate exposure in castrates, but intact male con- 
trols were unaffected by methylphenidate exposure. Order 
effects were not evident. 

Methylphenidate increased activity, F(1,16)=18.53, 
p<0.001, and the effect was observed in castrate (p<0.05) 
and intact (p<0.001) groups, and mean investigative bout 
frequency was greater for intact than for castrate males 
(means=13.2 and 7.2), F(1,16)=25.94, p<0.001. All other 
main effects and interactions were nonreliable. 

The above results suggest that deprivation of gonadal 
hormones in adult male rats affects their response to acute 
exposure of methylphenidate HCl as revealed in social in- 
vestigatory behavior of a novel conspecific. Castrate males 
engaged in reliably less social investigation after methyl- 
phenidate exposure than after vehicle exposure; intact males 
were unaffected by methylphenidate exposure. The 
methylphenidate-induced decrease in social investigation of 
castrates was apparently unrelated to any effect of methyl- 
phenidate on locomotor activity since methylphenidate in- 
creased activity in both groups of males in comparison to 
vehicle. 

As described in Fig. 3, methylphenidate exposure has an 
effect on castrate; comparable to that seen with intact 
females in Experiment | and with female control groups in 
Experiment 2. Male gonadal hormones appear to inhibit the 
methylphenidate-induced decrease in social investigation. 


GENERAL DISCUSSION 


The present series of experiments confirm the endoge- 
nous and exogenous effect of testosterone on social inves- 
tigatory behavior in male or female rats. Furthermore, cir- 
culating testosterone interacts with acute methylphenidate 
exposure, inhibiting the decrease in social investigation at- 
tributed to methylphenidate exposure in adult females (Fig. 
1) or in adult castrate males (Fig. 3). 

Methylphenidate and chemically-related stimulants of the 
amphetamine class, that promote the release or block the 
reuptake of catecholamine neurotransmitters, are known to 
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elicit stereotypy of motor response [15]. The present findings 
are consistent with the investigation of sex differences in 
stereotypy. For example, stereotypies of longer duration and 
of greater intensity have been observed in females than in 
males following amphetamine exposure, and this sex differ- 
ence is contingent on testosterone [3]. Amphetamine and 
methylphenidate both increase rearing (standing on hind 
legs) in high dosages and more rearing is observed in females 
than in males [12]. Vertical posturing may be compatible 
with social investigation which seems to require a horizontal 
stance and a flexible orientation toward a normally moving 
juvenile stimulus. Caffeine, which has no effect on rearing 
[12], increases social investigatory behavior in adult males 
[10]. Amphetamine, which is comparable to methylphenidate 
in its effect on rearing [12], is known to decrease social in- 
vestigation in adult males [6,13]; in male juveniles, however, 
there is evidence suggesting that amphetamine, as well as 
methylphenidate, can increase social investigation [2]. This 
discrepancy in adult and juvenile behavior may be contin- 
gent on pre- and post-pubertal differences in circulating 
gonadal androgens. In contrast to the amphetamine class of 
stimulants, caffeine (20 mg/kg) has no apparent effect on 
social investigation by juveniles [9]. 

Dosage of methylphenidate required to reliably induce 
stereotypic behavior has been found to be 8 mg/kg and 
greater [5], and preference for novelty decreases at 8 to 16 
mg/kg [11]. A reliable effect of methylphenidate on the social 
investigatory behavior of females was observed in Experi- 
ment | of the present series at only 2 mg/kg (Fig. 1). There- 
fore, the social behavior interaction, as measured in the 
present paradigm, appears to be a more sensitive indicator of 
methylphenidate affect, at least in females, than the more 
general observational indices of stereotypy. 


Hughes and Greig [12] have proposed that methylpheni- 
date and amphetamine both modify CNS functions that con- 
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trol vertical activity as well as horizontal activity (caffeine, 
for example, is described as modifying only horizontal activ- 
ity). In their frame of reference, behavioral effects of CNS 
stimulants that have been variously interpreted by many in- 
vestigators as reflecting curiosity or exploratory behaviors, 
may be more parsimoniously viewed as having differential 
effects on components of motor behavior in varying spatial 
dimensions. In the present work, as in the bulk of research 
on activity, the primary emphasis has been on horizontal 
locomotion. More precise measures of vertical movement, 
such as rearing behavior, may be particularly useful in 
further analyses of hormone interactions with CNS stimul- 
ants. 

Elsewhere, we have referred to an interaction of sex with 
movement of the social stimulus [17]. Males are more at- 
tracted to a moving stimulus than a stationary stimulus, but 
females are equally attracted to moving or stationary stimuli. 
This observation may explain some of the variation in sex 
differences in differing experimental situations. It also 
suggests that males are more keyed to movement perception 
than are females and consequently more resistant to 
pharmacologically-induced perceptual distortion. At higher 
doses of methylphenidate than that used in the present ex- 
periments (>10 mg/kg), male social investigatory behavior 
may also diminish with increase in stereotyped movements 
and postures that appear incompatible with organized social 
behavior. 
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BERNARDIS, L. L.,G. MCEWEN, M. KODIS AND M. J. FELDMAN. Somatic, metabolic and endocrine correlates of 
set point recovery in food-restricted and ad lib-fed weanling rats with dorsomedial hypothalamic lesions. PHYSIOL 
BEHAV 37(6) 875-884, 1986.—Male Sprague-Dawley rats received either electrolytic lesions in the dorsomedial hypotha- 
lamic nuclei (DMNL rats) or sham-operations (CON), and were fed lab chow ad lib for 41 post-operative (POP) days. 
Subsequently one lesioned (DMNL-AL) and one control group (CON-AL) continued to receive lab chow ad lib until the 
end of the experiment (POP day 78). A second lesioned (DMNL-RE) and control group (CON-RE) were given 80% of the 
amount of food eaten by their ad lib-fed counterparts for 28 days. At this time several rats from each group were killed. 
The remaining animals were then given lab chow ad lib for nine days and then also killed. Both DMNL-RE and CON-RE 
recovered their lowered body weight, food intake and feeding efficiency and showed the same pattern and relative 
magnitude as their ad lib-fed counterparts. Similarly, carcass lipid, epididymal fat pad lipid, incorporation of glucose-U-C™ 
into fat pad saponifiable lipid, total lipid, total glycogen (DPM/protein), liver protein, incorporation of glucose into liver 
CO, and concentrations of plasma glucose, glycerol, triglycerides and free fatty acids normalized on refeeding to the same 
extent and in the same pattern in DMNL-RE as in CON-RE. In contrast to previous studies, plasma insulin was lower in 
DMNL-AL than in CON-AL but DMNL-RE and CON-RE had similar levels on refeeding. Also on refeeding, both 
DMNL-RE and CON-RE showed the same enhanced glucose incorporation into liver total lipid. The data show that 
DMNL rats, although smaller in size and hypophagic in absolute terms, recovered lost body weight—at least under our 
relative mild reduction of 80% of their ad lib-fed controls—with the same competence and in the same time interval as 
sham-operated controls. It is quite possible that a more severe restriction of body weight would have uncovered some 
deficits in DMNL rats, however. Under the constraints of the present experimental arrangement, the data strengthen 
previous evidence for the existence in DMNL rats of an ‘‘organismic’’ set point that makes for a ‘‘scaled-down’’ but 
homeostatically normal animal. 
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IT is now well established that destruction of the dorsome- 
dial hypothalamic nuclei (DMN) in weanling [4] and mature 
[5,20] rats results in reduction of both ponderal and linear 
growth and food and water intake. These changes would 
suggest the existence in these animals of a quasi-debilitated 
state. However, normal body composition, plasma growth 
hormone, insulin, triiodothyronine, somatomedin activity, 
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glucose, glycerol, free fatty acids, triglycerides and total 
protein as well as intact caloric and thirst regulation indicate 
that the “‘DMNL rat’’ does not suffer from a classical 
anabolic deficit [11]. 

In addition, studies using glucose-U-C™ and palmitate- 
1-C"* have shown that incorporation and oxidation in several 
tissues is normal in DMML rats [6, 8-10, 13]. For the above 


*Requests for reprints should be addressed to L. L. Bernardis, VA Medical Center, 3495 Bailey Avenue, Buffalo, NY 14215. 





HYPOTHALAMUS AND SET POINT 


TABLE 1 
EXPERIMENTAL ARRANGEMENT AND TIME TABLE 





Days 


Post-Operative Restriction* 


Days on Food 


Days of 
Refeeding 


Experimental 
Manipulation 





101 73 
106 78 


Arrival from breeder 
(Sprague-Dawley) 
Weigh rats, operation and 
sham-operation 

Weigh rats, start 
restriction 

Weigh rats, Kill #1, 
start refeeding of 
remaining rats 

Kill #2 

Weigh rats, kill #3, end 
of experiment 





*Rats received 80% of mean food intake consumed by ad lib-fed DMML and control rats, respectively. 


See also the Method section. 


ME 


FIG. 1. Photomicrograph showing coronal section through the hypo- 
thalamus of a rat representative of Group | and 3, at the largest cross 
section of the lesion. Abbreviations: DMNL: dorsomedial nucleus 
lesions, ME: median eminence, VMN: ventromedial nucleus, FX: 
fornix, III: third ventricle (Cresyl Violet). 


reasons we have postulated some time ago [6] that DMN 
lesions ‘‘reset’’ some central nervous mechanisms that allow 
the DMNL rat to survive and indeed thrive at a ‘‘normal’’ 
level on subnormal amounts of substrate. In confirmation of 
this postulate, we have also demonstrated that DMNL rats 
actively defend their lower body weight set point [36,44] 
when their body weight is artificially lowered prior to DMN 
lesion production [2]. 

In order to elucidate the set point regulation in the DMNL 
rat in more detail, we have performed several studies in 
which the body weight of weanling rats was artificially low- 
ered not before [2], but after DMN lesion production. Also, 
the durations of post-operative ad lib feeding, food restric- 
tion and refeeding periods were varied. Numerous somatic, 
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FIG. 2. Body weight changes in weanling rats with dorsomedial 
hypothalamic lesions and in their sham-operated controls. Abbre- 
viations: Pop.=post-operative days, DMNL Ad Lib: rats with DMN 
lesions fed ad lib, DMNL Rest.: DMNL rats fed 80% of the food 
eaten by their ad lib-fed counterparts, CON Ad Lib and CON Rest.: 
corresponding treatment for sham-operated controls. Figures at bot- 
tom of bars indicate number of animals per group. 


endocrine and metabolic parameters were measured to see 
if, how, and to what degree these indices normalize (or fail to 
normalize) while rats recovered their body weight from 
below set point on refeeding. 

One would for instance imagine that on restriction DMNL 
rats might show a greater protein breakdown than controls, 
resulting in reduced carcass protein that on refeeding might 
fail to normalize as it does in controls. We know that under 
ad lib feeding conditions both carcass protein and 
gluconeogenesis are normal in DMNL rats [11]. It might also 
be conceivable that substrate oxidation is more reduced on 
restriction in DMNL rats vs. controls, pointing to a distur- 
bance of the balance between sympathetic and parasym- 
pathetic nervous systems [31]. Finally, it is possible that, 
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Food Intake (g/d) 


From Operation to End of | From End of Ad Lib Feeding | From End of Restriction 
to End of Restriction to End of Refeeding 





Kill | Subsequent Kill 2 
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FIG. 3. Food intake in g/day of DMNL rats and sham-operated 


controls during each experimental period. For abbreviations see Fig. 
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whereas under lib feeding conditions plasma free fatty acids 
and glycerol are normal in DMNL rats, food and body 
weight restriction might reveal a latent deficit in lipolysis. 
The present paper reports on the first of these three studies. 


METHOD 


Animals 


Fifty-nine male Sprague-Dawley rats were received at the 
age of 21 days and accomodated in individual cages in a 
temperature (23°C) and light cycle (L:D 12:12, lights on at 
0600 hr)}—controlled room. Lab chow and tap water were 
available ad lib. At the age of 27 days they were anesthetized 
with sodium hexobarbital (14 mg/100 g) and received elec- 
trolytic lesions (coordinates: AP 5.5, RL 0.5, DV 7.7 mm 
from the dura) with an direct anodal current of 1.0 mAmp 
that flowed for 8 seconds; the incisor bar was 7.0 mm below 
the intraural line. The electrodes were stainless steel wires of 
0.37 mm diameter that were spar varnish-coated and bared at 
the tip (0.2 mm). Sham-operated animals (electrode lowered 
into the brain just dorsal to the DMN but no current flow) 
served as controls. The incisions were closed with stainless 
steel clips and the rats returned to their cages. All rats con- 
tinued to receive lab chow and tap water ad lib for the next 
41 days. Food intake was measured Mondays, Wednesdays 
and Fridays and expressed as mean intake/day for each ex- 
perimental period (ad lib feeding, restriction and refeeding 
(Table 1)). 

On the 41st post-operative day all rats were again weighed 
and both DMNL and control groups (CON) were subdivided 
into two groups each. Group 1 (DMNL-AL) and Group 3 
(CON-AL) continued to receive lab chow ad lib until the end 
of the experiment (on post-operative day 78, age 106 days, 
Table 1). Group 2 (DMNL-RE) and Group 4 (CON-RE) were 
food-restricted for a period of 28 days (until post-operative 
day 69, age 97 days, Table 1) such that the restricted controls 
received 80% of the amount of food consumed by the ad 
lib-fed controls and the restricted DMNL rats received 80% 
of the food eaten by ad lib-fed DMNL rats. This was done 
because previous experience had shown that DMNL rats eat 
normally for their body weight and metabolic mass [3,11] and 
because their ad lib food intake is less than 80% of the con- 
trols’ food intake. The restricted rats received half of their 
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FIG. 4. Efficiency of Food Utilization (EFU) in weight gain (g/day) 
divided by food intake (g/day) for each experimental period. For 
abbreviations see Fig. 2. 


food portion in the morning (0800-0900 hr) and the other half 
in the afternoon (1530-1630 hr). 

Twenty-eight days after the inception of the restriction 
regimen all rats were again weighed and several rats from 
each group were quickly killed by decapitation (‘*Kill 1, *’ 69 
days post-operatively, age 97 days). At this point, all remain- 
ing rats that had been restricted were provided with lab chow 
ad lib (Table 1). 

Four (‘‘Kill 2°’) and nine (‘‘Kill 3°’) days later, several 
animals from each group were killed in the above manner, 
such that the last kill (“Kill 3°’) was performed on the 78th 
post-operative day, nine days after refeeding and at the age 
of 106 days. 


Plasma Substrates and Insulin 


Trunk blood was received in heparinized funnels and tubes 
and plasma obtained and frozen for the subsequent determi- 
nation of insulin (RIA kit (I'*5), Cambridge Medical Diag- 
nostics, Ballerica, MA), glucose [38], glycerol [18], free fatty 
acids [29], triglycerides (Hantzsch Reaction, Sigma Diag- 
nostics, St. Louis, MO) and total protein [32]. 


Metabolic Analyses 


Epididymal fat pads and livers were dissected out and the 
distal portion of the former (200 mg) and a part of the same 
liver lobe (S00 mg) were incubated for glucose oxidation 
which was measured according to published techniques [24]. 

After incubation, tissues were removed from incubation 
flasks and homogenized in 1 ml of deionized water. An 
aliquot was taken for protein determination [31] and the re- 
mainder was added to 20 ml chloroform-methanol (2:1). The 
residue was separated by centrifugation and, in the case of 
the fat pads, used for glycogen determinations as described 
below. The lipids in the supernatant were extracted, washed 
by the Folch procedure [21] and dried at 40°C under nitro- 
gen. Dried lipids were weighed and redissolved, and aliquots 
were taken for counting. The remainder was hydrolyzed in 
alcoholic KOH, and the saponified fatty acids were acidified, 
extracted with ether, and counted [25]. 

The residue from the chloroform-methanol extraction was 
boiled in 35% KOH. After the addition of 10 mg of cold 
glycogen carrier, two volumes of 95% ethanol were added to 
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TABLE 2 
TISSUE COMPOSITION (%) 





DMNL-AL!' 


DMNL-RE? 


CON-AL*® 


CON-RE* 





Carcass 

Lipid 6.98 + 0.45 
8.41 + 0.26 
12.32 + 0.57 


14.14 + 1.16 


Protein 


Epid. Pad 
Lipid 26.68 + 4.37 
14.47 + 2.90 


Protein 


Liver 
Lipid 5.20 + 0.74 

2.83 + 0.09 

13.58 + 0.28 


11.21 + 0.50 


Protein 


1.26 + 0.199 
0.81 + 0.176 


4.33 + 0.52 
9.04 + 0.47 
11.53 + 0.74 
13.46 + 0.74 


23.58 + 5.07 

21.22 + 3.98 
1.60 + 0.386 
0.56 + 0.150 


3.33 + 0.11 
3.53 + 0.29 
14.98 + 0.96 
12.38 + 0.62 


8.48 + 0.95 
8.69 + 0.81 
10.64 + 0.92 
13.23 + 0.76 


17.32 + 2.99 
35.04 + 9.46 
1.22 + 0.303 
0.56 + 0.131 


5.36 + 1.54 
3.36 + 0.28 
12.40 + 0.47 
12.01 + 0.83 


7.08 + 0.86 
8.84 + 0.94 
12.88 + 0.96 
11.91 + 0.73 


17.80 + 2.35 

19.30 + 3.59 

1.08 + 0.152 
0.60 + 0.113 


3.70 + 0.48 
3.83 + 0.51 
15.30 + 0.73 
11.97 + 0.54 





‘Rats with dorsomedial hypothalamic lesions fed ad lib. 


*Rats with dorsomedial lesions food-restricted. 
3Sham-operated controls fed ad lib. 
*Sham-operated rats food-restricted. 


precipitate the glycogen. The latter was reprecipitated twice 
and transfered in 1 ml deionized water to scintillation vials 
containing 4% Cab-O-Sil in 20 ml of dioxane with fluors (PPO 
7 g/l and POPOP 0.05 mg/l). 


Carcass, Liver and Epididymal Fat Pad Composition 


Carcasses were shaved and frozen for the subsequent de- 
termination of lipid [21] and protein [32]. Composition of 
liver and fat pads was analyzed using the same methods. 


Histology 


Brains were fixed in 10% formalin and processed as previ- 
ously described for the verification of lesion localization [7]. 
After elimination of animals with improperly placed lesions, 
26 rats each remained in DMNL and control groups. Since 
the data of the two post-refeeding kills (Kills 2 and 3) were 
identical, they were pooled and are henceforth referred to as 
being derived from *‘Kill 2.” 


Statistics 


Since the primary concern of the study was the effect of 
brain manipulation (DMN lesions, sham-operations), diet 
(restriction, ad lib) and a brain manipulation by diet interac- 
tion, two-way analysis of variance was used testing the le- 
sion by diet effects of each kill time. Direct comparisons 
between kill times (Kill 1 vs. Kill 2) were not deemed impor- 
tant. Each measurement served as a dependent measure in 
the two--way analysis of variance. 


RESULTS 


Somatic Parameters 


Lesion localization. Figure 1 shows that the lesions in the 
animals of the present study are located in the dorsomedial 


hypothalamic nuclei (DMN) and that neither lateral nor ven- 
tromedial hypothalamic areas were injured. 

Body weight. Figure 2, left panel indicates that at the end 
of the 41-day post-operative ad lib feeding period, DMNL 
rats had significantly reduced body weights in comparison 


with their sham-operated controls. (Lesion effect: subse- 
quent Kill 1: F(1,14)=29.21, p<0.001, subsequent Kill 2: 
F(1,30)=62.76, p<0.001.) The figure also shows that, using 
body weight as a criterion, the animals used in the two se- 
quential kills are derived from identical populations. 

Figure 2, center panel also shows that at the end of the 
28-day restriction period both restricted DMNL rats (88%) 
and controls (87%) had lost the same amount of body weight 
in comparison with their respective ad lib-fed counterparts. 
As in the left panel, it is evident that the animals of the two 
sequential kills belong to identical populations. (Lesion ef- 
fect: Kill 1: F(1,14)=32.61, p<0.001, Subsequent Kill 2: 
F(1,30)= 129.31, p<0.001; Diet effect: Kill 1: F(1,14)=7.86, 
p<0.014, subsequent Kill 2: F(1,30)=43.90, p<0.001.) 

Figure 2, right panel, indicates that on ad lib refeeding the 
previously restricted DMNL rats had reattained 98% and the 
formerly restricted controls had come within 99% of the 
weights of their ad lib-fed counterparts but that both form- 
erly restricted and ad lib-fed DMNL rats were significantly 
lighter than their respective sham-operated controls (Lesion 
effect: Kill 2: F(1,30)= 108.64, p<0.001). 

Food intake. Figure 3, left panel shows that during 41 
days of ad lib feeding following the operation, DMNL rats 
ate significantly less than controls. (Lesion effect: subse- 
quent Kill 1: F(1,14)=40.66, p<0.001, subsequent Kill 2: 
F(1,30)=74.47, p<0.001.) 

The center panel indicates that during restriction each 
group was fed 80% of the food intake of their respective ad 
lib-fed counterparts. (Diet effect: subsequent Kill 1: 
F(1,14)=24.87, p<0.001, subsequent Kill 2: F(1,30)= 145.84, 
p<0.001.) It also shows that DMNL rats maintained their 
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TABLE 3 
PLASMA INSULIN AND SUBSTRATES 





Kill 


DMNL-AL 


DMNL-RE 


CON-AL 


CON-RE 





Insulin 
(U/ml) 


Glucose 

(mg/dl) 

Free Fatty Acids 
(uM/L) 
Triglycerides 
(mg/dl) 

Glycerol 

(mg/dl) 
Cholesterol 
(mg/dl) 


Protein 
(g/dl) 


30.00 + 3.23 
30.85 + 5.25 


118.3 + 3.41 
117.2 + 4.50 


353.0 + 69.3 
351.77 + 17.9 


54.96 + 8.20 
62.50 + 10.82 


5.14 + 0.45 
3.80 + 0.41 


119.3 + 5.17 
109.7 + 11.04 


7.64 + 0.45 
7.84 + 0.29 


13.46 + 4.21 
34.10 + 2.26 


95.4 + 4.13 
111.6 + 3.12 


516.58 + 34.2 
328.1 + 30.2 


47.40 + 12.92 
56.40 + 5.38 


3.88 + 0.19 
4.66 + 0.75 


108.7 + 4.97 
113.5 + 8.23 


7.45 + 0.41 
7.37 + 0.31 


43.44 + 1.29 
45.23 + 4.74 


117.84 + 2.06 
115.23 + 3.96 


18.43 + 3.34 
35.87 + 3.37 


96.6 + 1.98 
115.3 + 2.46 


413.7 + 65.0 646.00 + 182.5 


351.9 + 24.7 


81.36 + 16.50 
73.20 + 10.44 


4.12 + 0.50 
5.26 + 0.85 


121.0 + 7.09 
107.2 + 7.50 


8.08 + 0.43 
8.11 + 0.39 


314.9 + 31.5 


49.20 + 4.94 
67.02 + 6.73 


4.58 + 0.33 
4.55 + 0.54 


111.3 + 3.58 
117.1 + 8.94 


7.95 + 0.28 
7.66 + 0.38 





For Abbreviations and Symbols See Table 2. 


lesion-induced hypophagia (Lesion effect: subsequent Kill 1: 
F(1,14)=44.54, p<0.001, subsequent Kill 2: F(1,30)=200.65, 
p<0.001). 

The right panel of Fig. 3 shows that on refeeding the 
previously restricted groups increased their food intake dra- 
matically and equivalently above that of their ad lib-fed 
counterparts (DMNL rats: 27%, controls: 23%, Diet effect: 
Kill 2: F(1,30)=19.18, p<0.001). Both ad lib-fed and previ- 
ously restricted DMNL rats maintained their lesion-induced 
hypophagia (Lesion effect: Kill 2: F(1,30)=24.17, p<0.001). 
Quite notably, during this time the refed DMNL rats ate as 
much as the ad lib-fed controls (20.8+0.33 vs. 21.4+1.25 
g/day, respectively). 

Efficiency of food utilization (EFU). Figure 4, left panel, 
shows that DMNL rats utilized food energy with the same 
efficiency as controls during post-operative ad lib feeding, 
i.e., they gained the same amount of weight per gram of food 
eaten. During restriction (center panel) both DMNL and 
control rats decreased their EFU by the same magnitude, 
(Diet effect: Kill 1: F(1,14)=11.49, p><0.004, subsequent Kill 
2: F(1,30)=59.33, p<0.001) only to increase it dramatically 
on refeeding (right panel). (Diet effect: Kill 2: F(1,30)=59.33, 
p<0.001.) 

Carcass lipid and protein. Table 2 indicates that during 
restriction both DMNL and control rats lost lipid (Diet ef- 
fect: Kill 1: F(1,12)=8.48, p<0.013). However, both re- 
stricted and ad lib-fed DMNL rats had less lipid than their 
respective controls (Lesion effect: Kill 1: F(1,12)=10.59, 
p<0.007). There were no significant differences among the 
groups in carcass protein, irrespective of experimental ma- 
nipulation (Table 2). Finally, there were no significant differ- 
ences following refeeding (Kill 2). 

Liver lipid and protein. Table 2 also indicates that there 
was no lesion effect and that both restricted DMNL and 
control groups had more liver protein that the respective ad 
lib-fed groups (Diet effect: Kill 1: F(1,14)=15.95, p<0.001.) 
There was also no significant change following refeeding 
(Kill 2). 


Epididymal fat pad lipid and protein. Table 2 shows that 
at the end of the restriction period (Kill 1) DMNL rats had 
higher lipid than controls (Lesion effect: F(1,12)=9.98, 
p<0.008). There were no significant changes at the end of the 
refeeding period (Kill 2) and no changes in epididymal fat 
pad protein. 


Metabolic Parameters 


Plasma insulin and glucose. Table 3 shows that both re- 
stricted DMNL and control rats were hypoinsulinemic com- 
pared with their ad lib-fed counterparts (Diet effect: Kill 1: 
F(1,14)=59.34, p<0.001). Also, DMNL rats were hypoin- 
sulinemic compared to their respective controls (Lesion ef- 
fect, Kill 1: F(1,14)=11.64, p<0.004). On refeeding the diet 
effect normalized. However, DMNL rats continued to show 
lower insulin levels that their sham-operated controls (Le- 
sion effect: Kill 2: F(1,28)=4.86, p<0.036). 

Food restriction resulted in pronounced hypoglycemia in 
both DMNL rats and controls (Diet effect: Kill 1: 
F(1,14)=66.46, p<0.001). On refeeding hypoglycemia nor- 
malized (Kill 2). 

Free fatty acids and triglycerides. Table 3 also indicates 
that food restriction resulted in hypotriglyceridemia (Diet 
effect: Kill 1: F(1,14)=5.39, p<0.036) and hyperfat- 
tyacidemia (Diet effect: Kill 1: F(1,14)=6.53, p<0.027). On 
refeeding, both these differences normalized (Kill 2). 

Plasma glycerol, cholesterol and total protein. Table 3 
indicates that neither DMN lesions nor dietary manipulation 
resulted in significant differences among the groups in cho- 
lesterol and protein. However, a significant diet by lesion 
interaction was noted for glycerol, i.e., whereas the re- 
stricted DMNL rats exhibited reduced glycerol levels com- 
pared to their ad lib-fed counterparts, the restricted controls 
vs. the ad lib-fed controls showed similar means (Interaction 
effect Lesion - Diet: Kill 1: F(1,14)=5.44, p<0.035). 

Incorporation of glucose-U-C™ into epididymal fat pad. 
Table 4 shows that glucose incorporation into glycogen in 
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TABLE 4 
INCORPORATION OF U-*C-GLUCOSE EPIDIYMAL FAT PAD 








DMNL-RE CON-AL 





CON-RE 





Kill DMNL-AL 
Total Glycogen 1 210.0 + 13.2 
(DPM/Protein) 2 345.2 + 58.6 


1103.6 + 193.3 
977.3 + 138.7 


161.6 + 90.3 
223.6 + 96.6 


3795 + 546 
3940 + 478 


5446 + 787 
10521 + 2161 


Total Glycogen 1 
(DPM) 2 
Saponif Lipid | 
(DPM/Protein) 2 


Total Lipid | 
(DPM/Protein) 2 


co, I 
(DPM/Protein) 2 


145.5 + 7.93 
757.7 + 171.2 432.1 + 69.0 


1025.0 + 249.7 788.2 + 394.0 923.3 + 197.1 


1263.7 + 203.7 


275.3 + 50.6 
1529.4 + 557.7 562.0 + 277.2 662.7 + 275.0 


3979 + 1015 
7806 + 1236 


7230 + 1402 
34470 + 10503 





151.6+ 25.0 216.7 + 16.1 


392.5 + 63.6 





1118.0 + 114.7 1285.4 + 220.1 
91.6+ 17.3 366.5 + 176.3 








2475 + 351 
5387 + 912 


6042 + 617 
12206 + 3358 


40759 + 9205 
5346 + 1062 





5865 + 377 
14534 + 3350 








For Abbreviations and Symbols See Table 2. 





TABLE 5 
INCORPORATION OF U-"C-GLUCOSE INTO LIVER 














Kill DMNL-AL 
Total GLycogen 1 655.0 + 142.5 
(DPM/Protein) 2 698.7 + 97.1 


Total Glycogen | 
(DPM) 2 


43629 + 9275 
37041 + 5069 


6.90 + 0.85 
9.44 + 1.64 


60.5 + 7.41 
61.0 + 4.70 


328.6 + 45.2 
280.4 + 34.8 


Saponif Lipid 1 
(DPM/Protein) 2 


Total Lipid | 
(DPM/Protein) 


N 


co, l 
(DPM/Protein) 2 





37122 + 7251 
34268 + 2787 


17.48 + 3.27 


315.8 + 16.3 
302.6 + 23.1 





DMNL-RE CON-AL CON-RE 
$11.8+ 85.0 631.4+97.5 483.0 + 64.7 
617.4 + 62.7 742.8+ 77.0 587.3 + 56.2 





38120 + 9474 
41503 + 2989 


8.50 + 1.02 
8.51 + 1.09 


62.0 + 6.53 
64.5 + 7.41 


234.4 + 15.9 
245.9 + 23.4 


36240 + 6548 
32846 + 2922 


7.€0 + 2.95 
16.10 + 3.46 


55.0 + 6.71 
72.8 + 7.92 


429.0 + 136.4 
322.0 + 30.6 





3.47 + 0.25 





59.7 + 9.57 
70.2 + 7.86 












For Abbreviations and Symbols See Table 2. 


DPM (disintegrations per minute) was similar in all groups 
irrespective of experimental manipulation. However, when 
incorporation is calculated in DPM/protein, restricted 
DMNL rats incorporated less than ad lib-fed DMNL rats, 
whereas restricted controls showed greater incorporation 
than ad lib-fed controls (Interaction effect lesion - Diet: Kill 
1: F(1,12)=14.81, p<0.002). This effect normalized on re- 
feeding (Kill 2). 

Incorporation of glucose into saponifiable lipid (DPM/ 
protein) was more avid in both restricted DMNL and con- 
trol groups than in their respective ad lib-fed counter- 
parts (Diet effect: Kill 1: F(1,14)=5.37, »><0.036). There was 
no diet by lesion interaction. This effect also normalized on 
refeeding (Kill 2). 

Glucose incorporation lipid 


into fat pad total 


(DPM/protein) shows several very pronounced effects: re- 
stricted animals incorporated more than ad lib fed groups 
(Diet effect: Kill 1: F(1,12)=48.81, p<0.001), however re- 
stricted controls incorporated more glucose than restricted 
DMNL rats, whereas AL controls incorporated less glucose 
than AL DMNL rats (Lesion - Diet interaction effect: Kill 1: 






F(1,12)=47.89, p<0.001). These changes, as in most of the 
above parameters, normalized on refeeding (Kill 2). 

As with incorporation of glucose into glycogen (in DPM), 
oxidation (incorporation of glucose into CO, in DPM/ 
protein) was normal in all groups irrespective of experimental 
manipulation (Table 4). 

Incorporation of glucose-U-C" into liver. Table 5 also 
shows that, in contrast to epididymal fat pad, glucose incor- 
poration into liver glycogen (both in terms of DPM and 
DPM/protein) and total lipid was normal irrespective of ex- 
perimental manipulation. However, on refeeding both previ- 
ously restricted groups incorporate more glucose into sa- 
ponifiable lipid than their ad lib-fed counterparts (Diet effect: 
Kill 2: F(1,29)=9.03, p<0.005). Furthermore, restricted 
DMNL and control groups showed greater oxidation than ad 
lib-fed DMNL rats and controls (Diet effect: Kill 1: 
F(1,14)=5.97, p<0.028). As with the majority of the param- 
eters, these changes normalized on refeeding. 


DISCUSSION 
The principal finding of the present study is that when 
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growth-retarded, hypophagic DMNL rats are food-restricted 
to 80% of their ad lib-fed counterparts, they show in most 
parameters a similar response to both restriction and refeed- 
ing as do identically-treated sham-operated controls. Al- 
though DMN lesions have reduced absolute body size and 
food intake, they do not appear to have compromised the 
capacity to regulate body weight at a lower set point. 

Competent set point recovery by DMNL rats was 
suggested some time ago by a study in which the body weight 
of young rats had been lowered prior to DMN lesion produc- 
tion: the restricted rats, whose body weight at the time of 
lesion production was 100 g less than that of ad lib-fed rats 
(that also received DMN lesions), entered a temporary stage 
of hyperphagia; the ad lib-fed rats exhibited their usual 
hypophagia [2]. This indicates an attempt by the formerly 
restricted DMNL rats to bring their restriction-induced body 
weight in synchrony with a ‘‘new”’ lesion-induced set point. 

This phenomenon is reminiscent of rats that had their 
body weight lowered prior to production of lesions in the 
lateral hypothalamic area (LHA). Instead of becoming 
aphagic, as is characteristic for this preparation, they 
entered a temporary stage of hyperphagia. This was consid- 
ered the manifestation of an ‘‘active’’ process in an attempt 
to increase the body weight to a new, LHA-induced set point 
[36]. In contrast, earlier workers had thought that LHA 
lesion-induced aphagia was a “‘passive’’ process, related to a 
neurological deficit caused by LHA destruction [1]. 

The second most important finding of the present study is 
that among 17 endocrine-metabolic parameters measured, 
only two show lesion effects, i.e., differences between 
DMNL rats and controls. One of these parameters is de- 
pressed glucose-U-C" incorporation into epididymal fat pad 
total lipid which, however, was normal in ad lib-fed DMNL 
rats and suppressed in restricted DMNL vs. control rats. 
The other parameter is hypoinsulinemia which occurred in 
DMNL rats but not controls. Quite notably, all our previous 
studies have shown normoinsulinemia in ad lib-fed DMNL 
rats [11,12]. 

Interpretation of our data in the light of findings by others 
is somewhat hampered by differences in some or all of the 
experimental manipulations, e.g., age and weight at the in- 
ception of the experiment, sex, and severity, duration and 
pattern of food restriction. Uquestionably, rapid and/or se- 
vere food and thus body weight restriction will result in dif- 
ferent changes than less severe restriction regimens. On the 
other hand, it has been claimed that a 9 to 12-day fast brings 
about the same adaptive changes as a 48 to 72-hour fast [34]. 

In several reports that appear most germane to our dis- 
cussion, body weight restriction (in terms of ad lib-fed rats) 
ranges from 69% [15] to 84% [26]. In the present study, our 
restriction procedure resulted in a gradual and therefore 
presumably more stabilized body weight reduction of 89% in 
the DMNL rats and of 87% in the sham-operated controls. 
For the foregoing reasons it is quite possible that, had we 
subjected our animals to a more severe restriction regimen, 
homeostatic deficits might have been uncovered. 

Whereas body weight recovery such as shown by our 
restricted DMNL and control rats is a good overall indicator 
of general adaptive mechanisms, it is relatively meaningless 
unless accompanied by data on body composition. DMNL 
rats had lower carcass lipic than controls. Restricted rats had 
less carcass fat than the ad lib rats. Whereas this points to 
some deficit in the DMNL rat, it is important to note that on 
refeeding carcass fat normalizes. Furthermore, epididymal 
fat pad lipid was higher in both ad lib-fed and restricted 
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DMNL rats and there was no loss of carcass protein in either 
of the DMNL groups. 

Harris and Martin [27] have reported that intact female 
rats that had been rather severely food restricted (5 g of 
food/day for 22 days, i.e., 40% of ad lib intake with a body 
weight loss of 74% of ad lib-fed controls) lost primarily fat 
and not protein. On refeeding, they regained body fat by the 
sixth and body weight and protein by the 13th day. Similarly, 
Hamilton et al. [26] found that the body weight of their re- 
stricted rats (84%) was regained eight days after refeeding 
and Bjorntorp and Yang [15] reported restoration of carcass 
fat and body weight by the eighth day of refeeding after a 
body weight restriction to 70%. 

It is well known that intact animals increase their feeding 
efficiency following food restriction [14, 15, 17, 19, 27, 30, 
35]. This phenomenon has been attributed to an increased 
rate of absorption of nutrients from the gastrointestinal tract, 
increased substrate flow, adaptations of peripheral tissues to 
efficient capture of energy substrate and marked increase in 
the efficiency for accumulating energy [14]. The normal feed- 
ing efficiency of DMNL rats during pre-restriction ad lib 
feeding is in excellent accord with previous findings in both 
DMNL and control rats [11,12]. In addition, during both 
restriction and refeeding, DMNL rats showed the same feed- 
ing pattern and relative magnitude in feeding efficiency as 
identically-treated controls. It is clear that DMNL rats are as 
competent as controls in utilizing food energy despite their 
absolute smaller size and basal hypophagia. This strengthens 
our hypothesis that DMNL-induced hypophagia is attuned to 
the rats’ smaller body size and that their lower body weight 
in the presence of normal body composition is the reflection 
of a lowered ‘‘organismic”’ set point [11,12]. 

Body weight and composition are informative data in 
body weight recovery studies. However, intermediary me- 
tabolism of liver and adipose tissue provide more pertinent 
information about the underlying regulatory processes. 
Bjorntorp and Yang [15] have reported that a short fast of 
three days and two nights (body weight 69% of ad lib-fed 
controls) resulted in reduced liver lipid. Although liver 
weight, glycogen and protein normalized within four days of 
refeeding, lipid stores were still low at this point. On the 
other hand, McDonald and Johnson [34] found an increase in 
liver lipid at the end of nine to 12-day fast, followed by a 
decrease after 12 hours of refeeding. This difference could be 
related to the duration of starvation and/or the initial weight 
of the animals. The McDonald and Johnson rats weighed 
400-500 g and their body weight was 80% of ad lib-fed con- 
trols whereas the corresponding Bjorntorp and Yang data are 
250-320 g and 70%. The increased liver protein in both re- 
stricted DMNL and control rats of the present study may be 
a reflection of reduced gluconeogenesis; this is reconcilable 
with hypoglycemia in both these groups (Table 6). 

It is noteworthy that glucose incorporation into liver total 
lipid in the present study revealed no significant differences 
among the groups whereas incorporation into fat pad total 
lipid exhibited spectacular main and interaction effects. The 
latter parameter is also the only one of 10 incorporation indi- 
ces in which there was a lesion effect. In past studies we had 
found this parameter to be normal [6, 9, 10, 13]. This appar- 
ent discrepancy may be explained by the fact that all the 
above studies were done in ad lib-fed rats whereas the pres- 
ent data are derived from restricted rats. Moreover, re- 
stricted DMNL rats showed (a) the same competence for 
incorporation as ad lib-fed DMNL rats and (b) on refeeding 
all groups had similar incorporation rates (Table 6). 





TABLE 6 


SEMI-QUANTITATIVE OVERVIEW OF SIGNIFICANT MAIN AND 
INTERACTION EFFECTS 





Parameter Lesion'(L) Diet?(D) L.D 





Body Weight 
At End of Ad Lib 
At End of Restriction (Rest.) 
At End of Refeeding (Ref.) 
Food Intake 
During Ad Lib 
During Rest. 
During Ref. 
EFU 
During Rest. 
During Ref. 
Composition 
Carcass Lipid End. Rest. 
Fat Pad Lipid End Rest. 
Liver Lipid End Rest. 
Plasma Insulin 
End Rest. 
End. Ref. 
Glucose End Rest. 
Triglycerides End Rest. 
Free Fatty Acids End Rest. 
Glycerol End Rest. 
Epid. Fat Pad Incorp. 
Total Glycogen (DPM/Protein) 
End Rest. 
Total Saponif. Lipid 
End Rest. 
Total Lipid 
End Ref. 
Liver Incorporation 
Total Saponif. Lipid 
End Ref. 
Oxidation 
End Rest. 





’ Response of DMNL vs. control. 
? Response of restricted vs. ad lib — fed rats. 


* DMNL — Rest.<DMNL — Ad lib but CON — Rest. = CON 
— Ad lib. 


** DMNL — Rest.<DMNL — Ad lib but CON — Rest. < CON 
— Ad lib. 


+ DMNL — Rest. = DMNL -— Ad lib but CON Rest > CON Ad 
lib 


The remaining 31 comparisons and parameters, respectively were 
Statistically not significant. 


It has been reported many years ago that acetate-1-C™ 
and glucose-U-C"* incorporation is greatly enhanced in liver 
lipid of rats that had been trained to eat for only one hour/day 
[42]. Similar findings were reported by Stevenson et al. [41] 
in livers of rats fed for two hours/day, also using acetate. The 
enhanced lipogenesis was subsequently shown to be due to 
an increase in hexose monophosphate shunt enzyme activity 
[43]. 

In contrast to the liver, in which glucose incorporation 
into saponifiable lipid was depressed in the restricted groups, 
the fat pad showed enhanced incorporation into this fraction. 
On refeeding, however, restricted DMNL and control rats 
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incorporated tracer more avidly in both liver and fat pad than 
in ad lib-fed DMNL rats and controls. 

The decreased incorporation into total liver glycogen in 
both DMNL and control rats is in accord with Bjorntorp ef 
al. [14] who in intact rats found decreased tritiated water 
incorporation into liver glycogen following a three-day- 
two-night fast. However, whereas he found rapid resynthesis 
on refeeding, we did not. In this connection it is worth noting 
that he also found hypoglycemia on refeeding while our rats 
were normoglycemic during this time. This was interpreted 
by him as reflecting as a ‘‘pull’’ of substrate from the blood 
into the tissue. The differences between our data and his are 
likely due to the difference in the method of food restriction. 

The normal concentrations of plasma glucose, free fatty 
acids, glycerol, cholesterol and total protein in ad lib-fed 
DMML rats vs. ad lib-fed controls confirm previous findings 
[11,12] and are in excellent accord with the lack of changes in 
most metabolic parameters in this and previous experiments 
[6, 9, 10, 13]. The hypotriglyceridemia between ad lib-fed 
DMNL and ad lib-fed controls is at odds with previous find- 
ings. Nevertheless, restricted DMNL rats and restricted 
controls show comparable concentrations, indicating a simi- 
lar response in DMNL compared to control rats. 

Harris and Martin [27] failed to find changes in free fatty 
acids in their restricted rats despite their severe restriction 
regimen but Curi et al. [19] reported a decrease in this pa- 
rameter, but only after three weeks of restriction. In the 
present study, DMN lesions did not affect it, but restriction 
raised it above the concentrations of ad lib-fed groups. En- 
hanced free fatty acids had also been reported by Blum et al. 
[16] in feed-restricted steers. 

The hypoinsulinemia in both restricted DMNL and con- 
trol groups compared to ad lib-fed counterparts is in excel- 
lent agreement with Bjorntorp ef al. [14] in rats and with 
Blum et al. [16] in steers. It is also in agreement with the 
hypoglycemia in both restricted DMNL and control rats and 
with data reported by Bjorntorp et al. [16] and Curie? al. [19] in 
rats and Blum et al. [16] in steers. We have no explanation for 
the hypoinsulinemia in ad lib-fed DMNL rats vs. ad lib-fed 
controls, since this finding is totally at odds with all previous 
studies [11,12]. 

Regarding the role of the DMN in an organismic set point 
system [11,12] it should be recalled that the DMN has direct 
connections to the intermediolateral columns of the spinal 
cord ({28, 40, 44] and ter Horst, personal communication). 
Furthermore, and more importantly, the DMN ([43] and per- 
sonal communication) together with the paraventricular nu- 
cleus of the hypothalamus [37] is the only nucleus above the 
brain stem that has a direct input to the dorsal motor nucleus 
of the vagus. Additionally, the DMN provides a link between 
the VMH and the LHA [33]. 

By virtue of this position within the hypothalamus and the 
autonomic circuitry the DMN can bring to bear its activity 
on the autonomic nervous system as well as on the neuroen- 
docrine system and thus play an integrative role on the ‘‘final 
common pathway” controlling homeostatic processes. 

Obviously, this capacity does not reside in the DMN per 
se since its destruction would eliminate such an integrating 
effect. Instead, we envisage this to be due to a release-type 
of effect, perhaps by influencing interactions involving VMN 
and LHA. This could take place by altering the output bal- 
ance between VMH and LHA activity such that body weight 
set point is lowered and all homeostatic functions are corre- 
spondingly scaled down as well. Although we do not know 
whether DMN lesions alter the activity of cells in the VMH 
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and LHA, one recent report suggests that this might be so. 
Fukuda et al. [23] have reported that when the glucose con- 
centration is altered in a coronally-oriented in vitro system 
comprising VMH, DMN and LHA, the majority of VMH 
and DMN neurons were excited but those of the LHA were 
inhibited. Isolation of the DMN resulted in an equalization of 
neurons that were excited and inhibited. 

In summary, growth-retarded, hypophagic DMNL rats 
that has been food-restricted to 80% of their ad lib-fed coun- 
terparts, reattain their lowered body weight in identical fash- 
ion to sham-operated controls, both in terms of somatic and 
endocrine-metabolic parameters. In conjunction with previ- 
ous data on responses to nutritional, hormonal, and thirst 
challenges [11] the present data confirm and strengthen our 
hypothesis that DMN lesions have brought about a harmoni- 
ous resetting of all homeostatic compartments studied thus 
far. This results in a “‘scaled-down,”’ but normal animal. For 
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this reason we have termed the DMN-lesion induced lower 
body weight as being the reflection of the activity of a low- 
ered an “‘organismic’”’ set point [11,12]. 

Nevertheless, until further work is done, the reservation 
must be made that, had more severe body weight restriction 
occurred, perhaps to 60% instead of 80% of ad lib-fed rats, 
some or many homeostatic deficits would have been un- 
covered in DMNL rats. Finally, although we did not find 
Statistically significant differences between DMNL rats and 
controls in the recovery of their restriction-induced body 
weights, this is not absolute proof that such deficits do not 
actually exist. We are currently performing two more studies 
in which absolute body weight at the start of the restriction 
regimen as well as duration of restriction are varied; these 
data will hopefully clarify the currently reported findings and 
conclusions. 
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DE JONGE, F. H., E. M. J. EERLAND AND N. E. VAN DE POLL. The influence of Estrogen, Testosterone and 
Progesterone on partner preference, receptivity and proceptivity. PHYSIOL BEHAV 37(6) 885-891, 1986.—The influence 
of Estradiol benzoate (EB), Testosterone propionate (TP) and Progesterone (P) on the female’s partner preference for 
sexually active males was investigated and compared to levels of receptive and proceptive behaviors observed in a tethered 
male test situation. Doses of EB (1 wg), TP (500 wg) and P were selected on the basis of previous investigations indicating 
that female rats treated with these dosages will show comparable levels of lordosis behavior. The results indicate that TP 
stimulates partner preference for sexually active males over estrous females in ovariectomized female rats. Females treated 
with EB tended to prefer the company of sexually active males more than Oil-treated females and less and TP-treated 
females. However, preference behavior of EB-treated females was not significantly different from that of Oil- or TP-treated 
females. Additional treatment with P (100 yg) did not influence partner preference of Oil-, EB- or TP-treated females. In the 
tethered male tests, P stimulated proceptivity of EB- or TP-treated females and receptivity of EB-treated females. Signifi- 
cant differences in proceptive and receptive behaviors between EB- or TP-treated females were not found. Although 
facilitation of receptive and in particular, proceptive behaviors were found to be generally accompanied by an increased 
partner preference for males, it is concluded that gonadal hormones are differentially affecting aspects of female rat 
sexuality: Relative to the activation of receptive behavior, TP was found to be more effective (than EB) to increase 
preference for a male; P (given to EB- or TP-treated females) was found to stimulate receptive and proceptive behaviors 
considerably, while being ineffective to stimulate preference for a male. 


Partner preference Females 


Hormones Receptivity Proceptivity 





RECEPTIVITY and proceptivity are two important aspects 
of female rat sexual behavior [2]. The term receptivity has 
been used to connote the (more passive) female reaction to 
male mounting (assumption of the lordosis posture) which is 
necessary for successful copulation. The term proceptivity 
in contrast, has been used to describe the female’s appetitive 
activities which constitute an assumption of initiative in es- 
tablishing or maintaining sexual interaction [2, 15, 16]. The 
tendency of females to approach and remain in the vicinity of 
males and behavior patterns like presenting, hopping, dart- 
ing and mounting have all been used as indicators of 
proceptivity in the female rat [2, 11, 12, 16, 23] and have 
been associated with the concept of female sexual motiva- 
tion [9, 11, 18, 20}. 

Lordosis in response to male mounting is one of the most 
conspicuous aspects of female rat sexual behavior and has 
been investigated in a great number of studies (for a review, 
see [13]). More recently, tests have been developed which 
are aimed at the investigation of female sexual initiative as 
well. The tendency of females to approach and remain in the 
vicinity of males was, for instance, investigated in partner 


preference tests in which females are allowed to choose the 
company of a sexually active male in preference to a sexually 
inactive male or estrous female [8, 9, 11, 18, 20]. In other 
experiments, female sexual initiative was investigated with a 
tethered male, thus providing the unrestrained female con- 
trol over sexual interactions [11, 12, 23]. This test affords an 
opportunity for the display and easy quantification of ap- 
proach, presenting, hopping and darting, as well as lordosis 
in response to male mounting. 

Receptive and proceptive behavior occur during natural 
estrous and can be activated by gonadal hormones [1, 3, 19]. 
Several studies, investigating gonadal hormonal influences 
on feminine sexual behaviors in the female rat suggest how- 
ever, that aspects of female sexuality are differentially ac- 
tivated by gonadal hormones. In ovariectomized females, 
the probability of lordosis was shown to be directly related to 
the dose of both Estrogen (E) and Progesterone (P) [4,24]. 
Proceptive behaviors like presenting, hopping and darting 
however, were shown to be primarily related to the dose of P 
(12, 23, 24]. In studies investigating female preference behav- 
ior, it was found that androgens like Testosterone propionate 
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(TP) or the non-aromatizable androgen R1881 (methyl- 
trienelone) can stimulate preference for a male in female 
rats, even when these hormones are injected in doses which 
did not stimulate receptive behaviors [8,9]. These results led 
us to investigate whether estradiol-benzoate (EB), TP and P 
might be differentially involved in the stimulation of partner 
preference and receptive and proceptive behaviors in the 
individual female rat. The doses of EB (1 ug), TP (500 ug) 
and P (100 ug) were selected on the basis of previous investi- 
gations indicating that females treated with 1 ug EB + 100 ug 
P will show levels of lordosis behavior comparable (i.e., lor- 
dosis quotients of 50%) to females treated with 500 ug TP + 
100 xg P [4]. The present experiment was specifically designed 
to investigate the effectiveness of these hormones to activate 
proceptive behaviors and to increase preference for a male, 
relative to the effectiveness to activate receptive behavior. 
Preference behavior of females was investigated in tests in 
which the female was allowed to choose between a sexually 
active male or an estrous stimulus female. Estrous females 
were used as choice alternative, since both sexually active 
males and estrous females have previously been shown to be at- 
tractive stimuli for adult, hormonally treated female rats 
[7,17]. Following the partner preference tests, females were 
introduced to a tethered male in order to compare levels of 
receptive behavior (lordosis) and proceptive behaviors 
(present, hop, dart) with partner preference in individual 
females. 


METHOD 
Animals and Hormone Treatment 


Female Wistar rats (n=72; 180-200 grams) obtained from 
the animal supply house of TNO (Zeist, the Netherlands) 
were ovariectomized under fentanyl anesthesia (Hypnorm 
0.1 ml/rat, 0.02%) on arrival at the laboratory and left undis- 
turbed for two weeks before the experiments started. They 
were housed in macrolon cages containing 6 animals per 
cage. Food and water were available ad lib. 

Experimental and stimulus animals were kept on a re- 
versed dark-light cycle (light off: 3.30 a.m.—3.30 p.m.). Test- 
ing took place under dimmed red light illumination and dur- 
ing the last quarter of the dark period. 

The experimental females were divided into three groups 
(n=24). Each group was intramuscularly injected once 
(forty-eight hours prior to testing) with either 1 pug 
Estradiol-benzoate (EB), 500 ug Testosterone propionate 
(TP), or an equal volume of Oil (0.1 ml/rat). In addition, half 
of the females of each treatment group received a sub- 
cutaneous injection of either 100 wg progesterone (P) or an 
equal volume of Oil (0.1 ml/rat), 4 hours prior to testing 
(hormones obtained from Organon, Oss, the Netherlands). 

According to standard procedures used at our laboratory, 
stimulus males of proven sexual vigor (n=40) and stimulus 
females (n= 108) brought into behavioral estrous by 50 ug EB 
(48 hr prior to testing) and 1 mg P (17 hours prior to testing) 
were used as incentives during the partner preference tests 
[8,9]. Stimulus males also served as stimuli for the tests with 
tethered males. 


Partner Preference Tests 


These tests were run in an apparatus developed at our 
laboratory according to Meyerson and Lindstrém [20] and de 
Jonge and Meyerson [5]. It consists of an open field arena 
(808035 cm) with two small boxes (15x 1212 cm) posi- 
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tioned opposite to each other, in which stimulus animals can 
be placed. The partition between these animals and the ex- 
perimental animal consists of a gauze which allows both 
animals to see and smell each other without physical contact. 
Small areas (25x25 cm) in front of the stimulus com- 
partments are balanced upon microswitches which activate 
electronic counters to record frequencies and duration of 
visits of the experimental animals to the stimulus animals. 
The relative position of these incentives was randomly var- 
ied between subjects to avoid possible position effects. Test- 
ing started by placing a female in the middle of the arena and 
lasted 15 minutes. After each test the cage was cleaned thor- 
oughly. 


Tests With a Tethered Male 


These tests were run in an arena (808035 cm) in which 
a sexually active male was placed in the middle, tethered by 
a cotton harness attached to a string. In this way the male’s 
movements were restricted to one third of the test arena. 
Prior to the test, the male was adapted to the test environ- 
ment for 5 minutes. After this adaptation period, an estrous 
stimulus female was introduced until the male had achieved 
one intromission. Subsequently, the male was tethered to the 
harness and adapted for another 5 minutes. The test then 
started by the introduction of the experimental female. The 
test was stopped when the male ejaculated or when a period 
of 15 minutes had elapsed. During this period, frequency 
(FR) or duration (DU) of behavioral elements of the interac- 
tion were registered with the aid of a keyboard and scoring 
system. For the male, mounts and intromissions were 
scored. For the female, the following behavioral elements 
were registered: 


Proceptive behavior. Scoring of this behavior 
comprised ‘‘presenting,”’ ““hopping’’ or “‘darting’’ accord- 
ing to behavioral descriptions presented by Madlafousek and 
Hlinak [16]. (FR) 

Lordosis. The female assumes a posture with a concave 
arch of the back and elevated head and back. (FR) 

Mounting. The female mounts the male from the rear 
(pelvic thrusting not used as a criterion). (FR) 

Approach. Movements directed towards and leading to 
contact with the male. (FR) 

Anogenital sniffing. The female’s investigation of the 
anogenital area of the male. (FR) 

Investigation of the environment. Non social explorative 
activities such as rearing or sniffing the arena. (DU) 

Aggression. Any aggressive acts such as lateral threaten- 
ing, fighting or upright approach, directed to the male. (FR) 


Procedure 


In the week prior to testing, females of each experimental 
group were adapted to the test arenas during 15 minutes on 
two consecutive days. On the test day, all females were first 
tested for partner preference (15 minutes). Ten minutes 
thereafter, they were tested with a tethered male (until the 
first ejaculation or until 15 minutes had elapsed). Testing 
always took place within 4 to 6 hours after treatment with P 
[12,23]. Each female was tested only once in each test situa- 
tion. Stimulus males were exposed to the experimental 
females twice during the whole testing period: once in the 
partner preference test and once in the test with the tethered 
male. However, they were never used for more than one 
behavioral test on the same day. 
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FIG. 1. Females are given the choice to stay in the vicinity of either 
a sexually active male or an estrous female. The amount of time 
spent with the estrous female is subtracted by the amount of time 
spent with the sexually active male. A positive score indicates a 
preference for the sexually active male. Test duration: 15 minutes. 
(All groups, n=12. P=Progesterone; EB=Estradiol benzoate; 
TP=Testosterone propionate). Effects of P: not significant; TP>Oil: 
p<0.01; Oil<EB<TP: not significant. 


RESULTS 
Partner Preference Tests 


Results on preference behavior of the females of the dif- 
ferent treatment groups are presented in Fig. 1. In order to 
calculate a measure of a female’s preference for a sexually 
active male (in seconds), the amount of time spent near the 
estrous female was subtracted from the amount of time spent 
near the sexually active male. 

Results on preference behavior of female rats were 
analysed by analysis of variance (ANOVA [25]). Preliminary 
tests did not reject the hypothesis on homogeneity of popu- 
lation variances (Bartlett-Box, F(5,5418)=0.825, p>0.5). 
ANOVA on preference behavior involving the factors treat- 
ment 1 (three levels: Oil, EB or TP) and treatment 2 (two 
levels: Oil or P) revealed a significant effect on treatment 1, 
F(65,2)=3.359, p<0.05. No significant effects were found on 
the second main factor (treatment 2), F(65,1)=0.134, p>0.7, 
or on the interaction between treatment | and treatment 2, 
F(65,1)=0.027, p>0.9. These results indicate that treatment 
with either Oil, EB or TP influences preference behavior 
considerably, whereas additional treatment with P does not. 
Subsequent f-tests indicated that the female’s preference for 
a sexually active male is significantly increased in TP-treated 
females as compared to Oil-treated females, T=2.81, 
p<0.01. Preference behavior of EB-treated females was, 
however, not found to be significantly different from prefer- 
ence behavior of either Oil-treated, T=1.48, p>0.14, or TP- 
treated, T=—1.15, p>0.24, females. 
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FIG. 2. Median number of proceptive (present/hop/dart) and recep- 
tive (lordosis) behaviors of females and median number of mounts 
and intromissions of the male in a test with a tethered male. Fre- 
quency of behaviors have been normalized to frequency per minutes 
test duration. Asterisks indicate significant effects of P (p<0.05). 
For abbreviation, see Fig. 1. Number of cases in each treatment 
group: Oil+Oil (n=8); Oil+P (n=8); EB+Oil (n=6); EB+P (n=9); 
TP+Oil (n=6); TP+P (n=7). 


Tests With a Tethered Male 


Despite the fact that sexual activity of all males was well 
established prior to testing, some males did not show interest 
in the experimental females, once they were restrained in a 
harness. This appeared not to be dependent on hormonal 
treatment of the female. Tests in which the male did not 
show any attempt to approach the female, were excluded 
from analysis. Data analysis was based on the following 
numbers of females per group: Oil+Oil (n=8); Oil+P (n=8); 
EB+Oil (n=6); EB+P (n=9); TP+Oil (n=6); TP+P (n=7). 
During the interactions with females some males ejaculated. 
{Number of males ejaculating in each treatment group: Oil 
+Oil (0/8); Oil+P (0/8); EB+Oil (0/6); EB+P (5/9); TP+Oil 
(2/6); TP+P (3/7).] Frequency or duration of behavioral 
categories were normalized for the test duration (presented 
as frequency or duration per minute). 

Preliminary tests on homogeneity of variance of the fre- 
quency or duration of the separate behavioral categories vio- 
lated the hypothesis on equal populations variances 
(Bartlett-Box, p<0.01). Results were therefore analysed by 
non-parametric statistics [21]. Median frequency (per min- 
ute) of receptive (lordosis) and proceptive (present/hop/dart) 
behaviors of the experimental females and median frequency 
(per minute) of mounts and intromissions of the tethered 
stimulus males are presented in Fig. 2. Additional data on the 
female’s behavior in these tests are presented in Table 1. 
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TABLE 1 
BEHAVIOR OF THE FEMALE IN A TEST WITH A TETHERED MALE 





Oil 
Oil 


Oil EB EB TP TP 
P Oil  g Oil P 





Mounting 

Approach 

Anogenital sniffing 
Investignation environm. 
Aggression 


(FR) 0.00 
(FR) 2.17 
(FR) 0.16 
(DU) 4.36 
(FR) 0.01 


0.00 0.01 0.147 0.03 
1.57 4.14* 4.78t 4.17* 5.077 
0.13 0.57* 0.537 0.79* 0.53+ 
4.25 4.42 1.67 3.67 4.30 


0.00 0.02 0.00 0.10 0.03 


0.067 





Median frequency (FR) or duration (DU) (per minute) of the female’s behavior whose sexual be- 


havior is depicted in Fig. 1. 


*p<0.05, compared to Oil + Oil. tp<0.05, compared to Oil + P. 


Female Sexual Behavior 


Two non-parametric one-way analyses of variance (K- 
W =Kruskal-Wallis test) on proceptive and receptive behav- 
iors were run for Oil-, EB- and TP-treated females which 
received Oil and for Oil-, EB- and TP-treated female s which 
received P prior to testing. These analyses showed a signifi- 
cant effect across treatments for proceptive (Oil+Oil, EB 
+Oil and TP+Oil, K-W, p<0.01), but not for receptive 
(K-W, p>0.1) behavior. Subsequent Mann-Whitney-U tests 
for comparison between independent samples indicated that 
frequency of proceptive behaviors was increased in 
EB+Oil-treated as compared to Oil+Oil-treated females 
(U=4.0, p<0.01). Proceptive behaviors of TP+Oil-treated 
females were not different from Oil+Oil-treated or EB+Oil- 
treated females. 

Kruskal-Wallis analyses of variance for the Oil+P-, 
EB+P- and TP+P-treated females indicated that proceptive 
behaviors (K-W, p<0.001) and receptive behaviors (K-W, 
p<0.05) were significantly affected by hormonal treatment. 
Subsequent comparisons between independent groups indi- 
cated that EB+P- or TP+P-treated females showed more 
proceptive behaviors (U=4.0, p<0.001 for both groups) and 
more receptive behaviors (U<16, p<0.05 for both groups) 
than Oil+P-treated control females. Frequency of procep- 
tive and receptive behaviors of EB+P- or TP+P-treated 
females were not significantly different. 

Mann-Whitney-U tests were run in order to establish 
whether P affected the behavior of Oil-, EB- or TP-treated 
females significantly. Significant effects of hormonal treat- 
ment followed by Oil as compared to hormonal treatment 
followed by P (U<13.5, p<0.05), are indicated by asterisks 
in Fig. 2. 


Male Sexual Behavior (Mounts and Intromissions) 


The present test situation provided the unrestrained 
female control over the occurrence of sexual interactions. 
Hormonal treatment and subsequent behavioral changes of 
the female could therefore influence masculine sexual behav- 
ior of the male. Non-parametric analyses of variance indi- 
cated that male mounting varied significantly across the 
treatments Oil+Oil, EB+Oil or TP+Oil (K-W, p<0.05), 
while male intromission behavior was not. When hormonal 
treatment of the female was followed by P, male intromission 
behavior was significantly affected (K-W, p<0.05), but male 
mounting was not. Subsequent Mann-Whitney-U compari- 
sons indicated that EB+Oil-treated females permitted the 


male to mount significantly fewer times than Oil+Oil-treated 
females (U=5.0, p<0.01). When females were treated with 
EB+P, they allowed the male to intromit more frequently 
than females treated with Oil+P (U=13.5, p<0.05). Other 
between group comparisons revealed no significant differ- 
ences in the male’s sexual behavior. Effects of hormonal 
treatment followed by Oil as opposed to hormonal treatment 
followed by P were not found to be significant. 

Male intromission behavior calculated as the proportion 
of mounts that resulted in intromissions, indicated that the 
relative number of intromissions varied significantly across 
the treatment groups Oil+P, EB+P and TP+P (K-W, 
p<0.05). The relative number of intromissions was signifi- 
cantly increased in the EB+P-treated (U=15.5, p<0.05) and 
TP+P-treated (U=13.5, p<0.05) females (compared to 
Oil+ P-treated females). 


Other Behaviors Displayed by the Female 


Median frequencies or durations (per minute) of non- 
copulatory behaviors displayed by the female are presented 
in Table 1 for the different treatment groups. Approach towards 
males and anogenital inspections of males varied significantly 
over the three hormonal treatments Oil+Oil, EB+Oil and 
TP+Oil (K-W, p<0.01) and also over the three hormonal 
treatments Oil+P, EB+P and TP+P (K-W, p<0.05). Female 
mounting of the male varied significantly over the three hor- 
monal treatments followed by P (K-W, p<0.05). Subse- 
quently, Mann-Whitney-U tests were run for between group 
comparisons of these behavioral categories. Significant ef- 
fects of hormonal treatment with EB+-Oil or TP+Oil as 
compared to Oil+Oil and significant effects of treatment 
with EB+P or TP+P as compared to Oil+P are indicated in 
Table 1. The results indicate that EB- or TP-treated females 
show an increase in approach frequency towards males and 
an increase in anogenital inspection of males whether they 
are treated with P after EB- or TP-treatment or not. Female 
mounting of the male appears to be stimulated by P in par- 
ticular, provided that treatment with P was preceded by 
treatment with EB or TP. 


Correlations Between Copulatory Behavior and Partner 
Preference 


Spearman rank correlation coefficients between fre- 
quency of receptive and proceptive behaviors on the one 
hand, and preference for a sexually active male on the other 
hand, were calculated. When all females (n=44), irrespective 
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of treatment, were considered together, proceptive (r=.35, 
p<0.01) and receptive (r=.29, p<0.01) behaviors were found 
to correlate in a positive and significant way with preference 
for a male. Subsequently, correlation coefficients were cal- 
culaied for the different treatment groups separately (since 
female sexual behavior was not observed in Oil+Oil- or 
Oil+P-treated females, correlation coefficients were not cal- 
culated for these groups). Calculations of the correlation 
coefficients indicated that proceptive behaviors (.40<r<.88) 
and receptive behaviors (.32<r<.65) were positively corre- 
lated with preference for a male in EB+Oil-, EB+P-, 
TP+Oil- and TP+P-treated females. Within treatment 
groups, correlation coefficients between proceptive behav- 
iors and preference for a male were stronger than correlation 
coefficients between receptive behavior and preference for a 
male. A significant correlation was found only in EB+Oil- 
treated females, in which higher levels of proceptive behav- 
iors were accompanied by a stronger preference for a male 
(r=.886, n=6, p<0.001). 

Since female mounting of the male has been interpreted as 
indicative of a high sexual motivation to copulate with the 
male [2], correlation coefficients between female mounting 
on the one hand, and preference for a male, receptivity and 
proceptivity on the other hand, were calculated. In TP+P- 
treated females, a significant, negative correlation was found 
between mounting and preference for a male (r=—.805, 
p<0.01). Other correlations were not significant. 

Negative correlations between latency to the first mount 
by the male on the one hand, and the female’s preference for 
a sexually active male on the other hand, were found when 
all females, irrespective of treatment, were considered to- 
gether (r=—.30, p<0.05), i.e., the sooner the female allows 
the tethered male to mount her, the greater is her partner 
preference for a male. Within separate treatment groups, 
these correlations reached statistical significance only in the 
EB+Oil-treated females (r=—.57, p<0.05) and in the 
TP+Oil-treated females (r=—.65, p<0.01). 


DISCUSSION 


In the present experiment, partner preference for sexually 
active males was investigated in ovariectomized female rats. 
Preference for a male was compared to levels of receptive 
and proceptive behaviors observed in a test with a tethered 
male. It was found that a single injection with 500 wg TP 
stimulates preference for a male over an estrous female. 
Females treated with 1 4g EB were found to stay longer in 
the vicinity of sexually active males than Oil-treated females 
and shorter than TP-treated females. Preference behavior of 
EB-treated females was, however, not significantly different 
from preference behavior of Oil- or TP-treated females. Ad- 
ditional treatment with P (100 yg) did not affect preference 
behavior of Oil-, EB- or TP-treated females. Analysis of cor- 
relation coefficients between feminine sexual behaviors and 
preference for a male furthermore indicate that increased 
levels of receptive and proceptive behaviors are generally 
accompanied by an increased tendency to stay in the vicinity 
of sexually active males. The results are in line with previous 
findings indicating that hormonal treatment which stimulates 
feminine sexual behaviors is generally effective with respect 
to the induction of a partner preference for males [11, 18, 20]. 
However, correlation coefficients between female sexual 
behaviors and preference for a male, calculated in the pres- 
ent experiment for the different treatment groups separately, 
suggested a somewhat stronger correlation between procep- 


tive behaviors and partner preference than between receptive 
behaviors and partner preference. 

Although stimulation of receptive and proceptive behav- 
iors is demonstrated to be related to the induction of a pref- 
erence for a male, the results also show that the present 
doses of EB, TP or P are differentially involved in the ac- 
tivation of aspects of female rat sexuality. It was shown that 
P, which stimulated proceptive behaviors in EB- and TP- 
treated females and receptive behaviors in EB-treated 
females, was ineffective with respect to the facilitation of 
preference behavior. On the other hand, it was shown that 
treatment with TP (without additional treatment with P) 
stimulates preference for a male without stimulating recep- 
tive or proceptive behaviors, while treatment with EB (with 
or without additional treatment with P) stimulates female 
sexual behaviors without affecting female preference behav- 
ior significantly. The results therefore show that, relative to 
the rate of stimulation of lordosis behavior, TP is more ef- 
fective than EB to increase preference for a male. In addi- 
tion, treatment with P was found to stimulate receptive and 
proceptive behaviors considerably, while being ineffective 
with respect to the stimulation of a preference for a male. 

The present data on the influence of TP on female prefer- 
ence behavior confirm previous results from our laboratory, 
indicating that androgens may be specifically implicated in 
female rat sexual motivation [9]. In that study, it was shown 
that the non-aromatizable androgen R1881, like TP, induces 
a partner preference for a male over an estrous female in 
ovariectomized female rats. It was therefore strongly 
suggested that androgens are implicated in the induction of a 
preference for a male, while on the other hand, many previ- 
ous investigations have shown that aromatization of 
androgens to estrogens is necessary to stimulate female re- 
ceptivity (see [13]). Whether the present results on TP have 
any physiological significance remains, however, to be in- 
vestigated. In natural cycling females, circulating testos- 
terone (T) has been shown to reach peak values of 179 pg/ml 
in peripheral plasma during proestrous [10]. An increase in 
the female’s preference for a male was also observed to start 
at proestrous [18]. At present however, it has not been in- 
vestigated yet whether one injection of 500 wg TP induces 
blood plasma levels of T 48 hr later, which are comparable to 
those during proestrous in natural cycling females. 

The results indicating that EB and P are not effective in 
stimulating preference for a male are in disagreement with 
previous investigations on female sexual motivation in which 
sexual interactions were [11, 20, 22] or were not [8, 9, 20] 
included in partner preference tests. In these studies, 
females were treated with E during several days and/or in 
high doses. In contrast, females of the present experiment 
were treated with EB only once with a dose of only 1 yug/rat. 
The absence of a stimulation of partner preference in the 
present experiment may therefore be simply explained as a 
dose-effect. This does, however, not affect the conclusion 
that TP is relatively more effective than EB in stimulating 
preference for a male, since TP and EB, injected in the pres- 
ent doses, were found to be equally effective with respect to 
the stimulation of receptive and proceptive behaviors in this 
and also in a previous study [4]. 

In the study of Edwards and Pfeifle [11], who investigated 
female sexual motivation, defined in terms of preference to 
approach and/or copulate with a male, sexual motivation was 
additionally increased when EB-treated females were also 
treated with P. Although the dose of P used in the experi- 
ment of Edwards and Pfeifle was also higher (2 mg/kg) than 
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that used in our experiment (100 yg/rat), other factors may 
explain the lack of effect of P in stimulating preference for a 
male in the present experiment. In the present partner pref- 
erence tests, females were allowed to choose the company of 
a sexually active male, but sexual interactions were not 
possible. Edwards and Pfeifle found a stimulation of female 
sexual motivation after treatment with P, when EB-treated 
females were tested in a preference test which included the 
possibility of sexual interactions. Previous experiments at 
our laboratory have also indicated that P may stimulate 
female preference for a sexually active male when sexual 
interactions are allowed during the partner preference tests 
[6,22]. It is therefore suggested that either higher doses of P 
are required for the induction of a preference for a male than 
for the stimulation of female receptivity and proceptivity, or 
that P specifically stimulates the reward value of copulation. 
The latter suggestion is further substantiated by observations 
from the present experiment, indicating that EB+P- and 
TP+P-treated females tended to allow the male to mount and 
intromit more frequently than EB- or TP-treated females 
which did not receive additional P-treatment. 

Analysis of other behaviors of females observed with a 
tethered male, indicated that hormonal treatment did not af- 
fect time spent on investigating the environment or fre- 
quency of aggression directed to the male. Frequency of 
approach towards males or sniffing the anogenital area of the 
male was increased in EB- or TP-treated females as com- 
pared to Oil-controls, whether treatment was followed by P 
or not. Mounting the male from the rear was only facilitated 
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in EB- or TP-treated females which were additionally treated 
with P. Although some authors have suggested that female 
mounting is indicative of a high motivation to copulate with 
the male [2], the present results are elusive on this point: No 
significant correlations between female mounting and pref- 
erence for a male, receptive behavior or proceptive behavior 
could be found, except for the TP+P-treated females, which 
showed a significant, negative (!) correlation between mount- 
ing and preference for a male. 

It is concluded from the present experiment, that E, T 
and P are differentially involved in aspects of female rat 
sexuality. Doses of TP which were equally or less effective 
than EB with respect to the facilitation of female receptivity 
and proceptivity, tended to be more effective with respect to 
the stimulation of preference for a male. P, which was shown 
to be highly effective with respect to the facilitation of re- 
ceptive and proceptive behaviors, was shown to be ineffec- 
tive with respect to the stimulation of female sexual motiva- 
tion. Whether P is specifically involved in female sexual 
motivation by increasing the reward value of copulation with 
males, remains to be investigated. 
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ROMERO, M.-T. AND R. J. BODNAR. Gender differences in two forms of cold-water swim analgesia. PHYSIOL 
BEHAV 37(6) 893-897, 1986.—Female rats display lower shock thresholds and less morphine analgesia than male rats, 
differences which are sensitive to gonadal manipulations. Baseline pain thresholds and morphine analgesia also vary across 
the estrous cycle of female rats. The first experiment demonstrated that ‘nonopioid’ continuous cold-water swim (CCWS: 
2°C for 3.5 min) analgesia and ‘opioid’ intermittent cold-water swim (ICWS: 2°C, 18 10-sec swims and 10-sec rests over 3 
min) analgesia are subject to gender-specific effects. The magnitudes of CCWS and ICWS analgesia were significantly 
lower in female rats as compared to either age-matched or weight-matched male rats. The jump test displayed a more 
consistent pattern than the tail-flick test. The second experiment failed to show differences in the magnitude of CCWS 
analgesia across the female estrous cycle. These data demonstrate that both opioid (ICWS) and nonopioid (CCWS) forms of 
stress-induced analgesia are sensitive to gender differences, and suggest that male gonadal hormones may enhance analge- 


sic responsivity. 


Gender Pain Analgesia Estrous cycle 
Intermittent cold-water swims Rats 


Continuous cold-water swims 





GENDER-SPECIFIC effects in rats have been observed in 
reactivity to noxious stimuli. Normal female rats display 
significantly lower shock thresholds than normal male rats 
(e.g., [4, 33, 34]). This effect is thought to be mediated by 
gonadal function since androgenized female rats display 
similar shock thresholds to normal male rats, and castrated 
male rats display similar shock thresholds to normal female 
rats [5,6]. A similar pattern is observed for morphine 
analgesia. Both normal female rats and castrated male rats 
display significantly less morphine analgesia than normal 
male rats [1,17]. Changes in flinch, but not jump thresholds 
are also observed in female rats across the estrous cycle with 
the greatest sensitivity occurring during periods of greatest 
estrogen activity [21]. In contrast, morphine analgesia ap- 
pears most sensitive during the late diestrous phase [2]. 
Opioid and nonopioid mediation of analgesic responses 
following stress can occur by varying stress parameters (see 
reviews: [38,40]) including those of cold-water swims. A 
continuous cold-water swim (CCWS) for 3.5 min at 2°C 
elicits an analgesic response which is neither cross-tolerant 
with morphine analgesia nor reduced significantly by the 
opiate receptor antagonist, naloxone [12,13]. CCWS 
analgesia is potentiated by pretreatment with the high- 
affinity opiate receptor antagonist, naloxazone [30]. In con- 
trast, an intermittent cold-water swim (ICWS) at 2°C in 
which the rat is exposed to eighteen pairs of 10-sec swims 
and 10-sec recovery periods over 3 min elicits analgesia 
which is both cross-tolerant with morphine analgesia and 
significantly reduced by the opiate receptor antagonist, nal- 
trexone [23,24]. Both CCWS analgesia and ICWS analgesia 
significantly decline as a function of age [25,31]. Although 
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ICWS analgesia has not been characterized beyond its 
opioid-related and age-related properties, CCWS analgesia 
has been shown to be mediated in part by neurohormonal, 
catecholamine, cholinergic and TRH influences (see re- 
views: [7, 8, 10]). 

Since gender-specific influences upon different forms of 
analgesic responses have not been assessed, the first exper- 
iment examined whether CCWS and ICWS analgesia dif- 
fered in adult male and adult female rats on the tail-flick test 
which measures reactivity to heat [18], and the jump test 
which measures reactivity to shock [22]. Since adult male 
and adult female rats differ markedly in weight, and since 
weight variables can itself alter both baseline pain thresholds 
[33,34] and CCWS analgesia [11], a third group of younger, 
though sexually-mature male rats, which were similar in 
weight to the adult female rats, was also included. The second 
experiment examined whether CCWS analgesia was affected 
by estrous cycling in adult female rats. 


EXPERIMENT | 


METHOD 
Subjects 


Three groups of ten albino Sprague-Dawley rats each 
served as subjects: adult males (100 days of age, 430-500 g), 
adult females (100 days of age, 225-265 g), and young males 
(60 days of age, 230-270 g). While the first two groups were 
matched for age, the last two groups were matched for 
weight. All animals were housed in pairs in wire mesh cages 
in the Queens College Vivarium, and were maintained on a 





894 


12 hr light: 12 hr dark cycle. Purina rat chow and water were 
available ad lib. 


Protocol 


All rats were tested on the tail-flick and jump tests. The 
stimulus source (IITC Company) was mounted 8 cm above 
the dorsum and 6 cm proximal to the tip of the tail of a lightly 
restrained animal. The intensity of the thermal stimulus was 
set to produce stable baseline tail-flick latencies between 2 
and 3 sec. Each tail-flick test session consisted of three la- 
tency determinations made at 10 sec intervals. In order to 
avoid tissue damage, a trial was automatically terminated if a 
response did not occur within 6 sec. Immediately following 
tail-flick latency determinations, the rats were placed in a 30 
cm by 24 cm chamber with a floor consisting of 16 grids. 
Electric shock was delivered to the grids by a shock 
generator (BRS/LVE) through a shock scrambler (Campden 
Instruments). Using an ascending method of limits proce- 
dure, the jump threshold was defined in mA as the lowest of 
two consecutive intensities in which the animal simulta- 
neously removed both hindpaws from the grids. Each trial 
began with the animal receiving a 300 msec footshock at a 
current intensity of 0.10 mA. Subsequent shocks were in- 
creased in 0.05 mA increments at 10 sec intervals until the 
jump threshold was determined. After each trial, the current 
intensity was reset to 0.10 mA and the procedure repeated 
until six trials were completed. The order of tail-flick latency 
determinations followed by jump threshold determinations 
was employed because it yields minimal carry-over effects in 
baseline testing [28]. Following the determination of four 
days of stable baseline tail-flick latencies and jump 
thresholds, all rats were exposed to the following two condi- 
tions at 3-6 hr into the light cycle: CCWS at a bath tempera- 
ture of 2°C for 3.5 min, and ICWS at a bath temperature of 
2°C in which each rat received eighteen pairs of 10-sec swims 
and 10-sec recovery periods over 3 min [12,20]. Tail-flick 
latencies and jump thresholds were assessed 30, 60, 90 and 
120 min after each condition. The conditions were counter- 
balanced across animals, and separated by a 1-week interval. 
The use of the within-subject design was chosen to conserve 
on the number of animals. Analysis of the data indicated that 
there were no carry-over effects across the two counterbal- 
anced conditions over the one-week interval, which is in 
agreement with other swim data using within-subject designs 
[9,16]. All swims and testing were carried out in the inves- 
tigator’s (R.J.B.) laboratory in which the ambient tempera- 
ture in the room during swim testing was between 22° and 
25°C. 


RESULTS 
CCWS Analgesia (Tail-Flick Latencies) 


Significant differences were observed among groups, 
F(2,27)=4.80, p<0.016, and across the baseline and post- 
swim time course, F(4,108)= 173.66, p<0.001. All groups 
displayed significant increases in tail-flick latencies relative 
to baseline values across the post-swim time course (Dunnett 
comparisons, p<0.05). To assess changes in the magnitude 
of analgesic effects among groups in this and all subsequent 
analyses, difference scores for each post-swim value were 
derived by subtracting each baseline score from each corre- 
sponding post-swim score. This was done because baseline 
values in some conditions differed among groups (see figure 
legends). Significant differences were observed across test 
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Groups (n= 10) 


© Adult males 
8 Adult females 
o Young males 


JUMP THRESHOLD DIFFERENCE SCORES (mA) 


TAIL-FLICK DIFFERENCE SCORES (sec) 











3060 iO 120 30 
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FIG. 1. Alterations in the magnitude of analgesia following a con- 
tinuous cold-water swim (CCWS: 2°C for 3.5 min) on the tail-flick 
and jump tests in adult males, adult females and young males. A 
difference score analysis was performed because significant differ- 
ences in baseline jump thresholds were observed among groups. 
*Significantly lower than adult males; *significantly lower than 
young males; **significantly higher than adult males; Dunn com- 
parisons, p<0.05. Baseline tail-flick latencies: females: 2.33 (0.08); 
adult males: 2.47 (0.12); young males: 2.00 (0.10) sec; baseline jump 
thresholds: females: 0.270 (0.008); adult males: 0.351 (0.006); young 
males: 0.341 (0.010) mA. 


times, F(3,81)= 120.62, p><0.001. Figure 1 illustrates that the 
magnitude of CCWS analgesia was significantly smaller in 
adult female and young male rats 60 min after the swim rela- 
tive to adult males (Dunn comparisons, p<0.05). 


CCWS Analgesia (Jump Test) 


Significant differences were observed among groups, 
F(2,27)=23.83, p<0.001, across the baseline and post-swim 
time course, F(4,108)= 122.69, p<0.001, and for the interac- 
tion between groups and time course, F(8,108)=10.35, 
p<0.001. Significant increases relative to baseline values oc- 
curred 30 and 60 min following CCWS in all groups (Dunnett 
comparisons, p<0.05). The difference score analysis re- 
vealed significant differences in the magnitude of CCWS 
analgesia among groups, F(2,27)=5.71, p<0.009, across test 
times, F(3,81)=120.54, p<0.001, and for the interaction be- 
tween groups and test times, F(6,81)=10.82, p<0.001. Fig- 
ure | illustrates that the magnitude of CCWS analgesia was 
significantly smaller in adult females 30 and 60 min after the 
swim relative to young males, and 30 min following the swim 
relative to adult males (Dunn comparisons, p<0.05). The 
magnitude of CCWS analgesia in young males was signifi- 
cantly larger 30 min following the swim relative to adult 
males (Dunn comparison, p<0.05). 


ICWS Analgesia (Tail-Flick Latencies) 


Significant differences were observed across the baseline 
and post-swim time course, F(4,108)=176.43, p<0.001. All 
groups displayed significant increases in tail-flick latencies 
relative to baseline values across the post-swim time course 
(Dunnett comparisons, p<0.05). The difference score 
analysis revealed significant differences in the magnitude of 
ICWS analgesia across test times, F(3,81)=95.33, p<0.001. 
Figure 2 illustrates the failure to observe differences among 
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FIG. 2. Alterations in the magnitude of analgesia following an in- 
termittent cold-water swim (ICWS: 2°C, 18 10-sec swims and 10-sec 
recovery periods over 3 min) on the tail-flick and jump tests in adult 
males, adult females and young males. (See Fig. 1 legend for further 
details.) 


groups in the magnitude of ICWS analgesia on the tail-flick 
“test. 


ICWS Analgesia (Jump Test) 


Significant differences were observed among groups, 
F(2,27)=13.34, p<0.001, across the baseline and post- 
swim time course, F(4,108)=189.64, p<0.001, and 
for the interaction between groups and time course, 
F(8,108)=3.75, p<0.001. Significant increases relative to 
baseline values occurred for up to 90 min following ICWS in 
adult females and young males and across the post-swim 
time course in adult males (Dunnett comparisons, p<0.05). 
The difference score analysis revealed significant differences 
in the magnitude of ICWS analgesia among groups, 
F(2,27)=3.64, p<0.04, across test times, F(3,81)=149.82, 
p<0.001, and for the interaction between groups and test 
times, F(6,81)=3.72, p<0.001. Figure 2 illustrates that the 
magnitude of ICWS analgesia was significantly smaller in 
adult females 30 and 60 min after the swim relative to young 
males, and 30 min following the swim relative to adult males 
(Dunn comparisons, p<0.05). 


EXPERIMENT 2 


METHOD 


Ten naive female rats were tested for baseline tail-flick 
latencies and jump thresholds as described in Experiment 1. 
On each experimental test day, vaginal smears were taken 
from each animal to determine the phase of the estrous cy- 
cle. Following the determination of pre-swim tail-flick 
latencies and jump thresholds, each rat received a 2°C 
CCWS for 3.5 min, and tail-flick latencies and jump 
thresholds were then assessed 30, 60, 90 and 120 min follow- 
ing the swim. This experimental paradigm continued at 
weekly intervals until all rats were tested for CCWS 
analgesia during the proestrous, estrous and metestrous- 
diestrous phases of the menstrual cycle. Any given rat was 
tested for CCWS analgesia only once in each phase, and the 
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FIG. 3. Failure to observe alterations in CCWS analgesia on the 
tail-flick and jump tests across the estrous cycle of adult female rats. 


order of testing across phases occurred randomly across 
rats. 


RESULTS 
CCWS Analgesia (Tail-Flick Test) 


Significant differences were observed across the baseline 
and post-swim time course, F(4,36)=79.30, p<0.001. Signif- 
icant increases relative to baseline values occurred for up to 
60 min following CCWS during the proestrous and 
metestrous-diestrous phases, and for up to 90 min following 
CCWS during the estrous phase. Figure 3 illustrates the fail- 
ure to observe differences among estrous phases in the 
magnitude of CCWS analgesia on the tail-flick test. 


CCWS Analgesia (Jump Test) 


Significant differences were observed across the baseline 
and post-swim time course, F(4,36)=60.26, p<0.001. Signif- 
icant increases relative to baseline values occurred across 
the post-swim time course during the proestrous and 
metestrous-diestrous phases, and for up to 90 min following 
CCWS during the estrous phase. Figure 3 illustrates the fail- 
ure to observe differences among estrous phases in the 
magnitude of CCWS analgesia on the jump test. 


DISCUSSION 


The present data indicate that adult female rats display 
significantly less analgesia following CCWS and ICWS than 
age-matched adult male rats. These effects could not be at- 
tributed to weight differences between adult males and 
females since adult female rats also displayed significantly 
less analgesia on the jump test following CCWS and ICWS 
than younger weight-matched male rats. Female rats dis- 
played less CCWS and ICWS analgesia than either weight- 
matched or age-matched males on the jump test. The tail- 
flick test failed to distinguish gender differences for ICWS 
analgesia, and only indicated a difference between age- 
matched males and females for CCWS analgesia. Also, al- 
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though baseline tail-flick latencies failed to differ among 
groups, adult female rats displayed significantly lower 
baseline jump thresholds than either adult or young male 
rats. This agrees with previous reports of hyperresponsive- 
ness to electric shock in female rats [4, 33, 34]. However, the 
gender-specific alterations in CCWS and ICWS analgesia 
occurred independently of gender-specific differences in 
baseline pain thresholds since the latter effects were factored 
out of the difference-score analysis. 

The second experiment revealed that the various phases 
of the estrous cycle of adult female rats failed to alter the 
magnitude of CCWS analgesia on either of the tail-flick or 
jump tests. These data agree with previous anecdotal evi- 
dence from our laboratory [14]. The lack of estrous effects 
for CCWS analgesia is in contrast to the differing sensitivity 
of estrous cycle phases in morphine analgesia [2] and shock 
analgesia [35]. Morphine analgesia was found to be most 
sensitive during the late diestrous phase. Analgesia induced 
by inescapable tail shocks was most pronounced during the 
estrous phase, and least pronounced during the metestrous 
phase. That the estrous cycle influences some, but not all 
forms of analgesia may be attributable to opioid mediation of 
morphine and shock analgesia (e.g., [3,32]) and the 
nonopioid nature of CCWS analgesia [12, 13, 30]. The in- 
teraction between estrous influences and opioid forms of 
analgesia may be attributable to either the rises in pituitary 
and plasma levels and/or decreases in hypothalamic levels of 
beta-endorphin during estrous [27]. Further studies examin- 
ing the role of estrous influences on other opioid-mediated 
analgesic responses such as ICWS are necessary to confirm 
this hypothesis. The failure to observe differences in either 
baseline tail-flick latencies or jump thresholds over the es- 
trous cycle agrees with a previous report indicating estrous- 
induced fluctuations in flinch, but not jump thresholds [21]. 

That gender alters the magnitude of CCWS and ICWS 
analgesia has both methodological and functional implica- 
tions. In methodological terms, the observed gender differ- 
ences suggest that comparisons of the magnitude of analgesic 
responses following stress across studies must take gender 
variables into account. This adds gender variables to a grow- 
ing list of sensitive variables that are capable of altering the 
nature of the analgesic response following stress, including 
the parameters of the stressor [12, 13, 23, 24, 30, 38, 40], the 
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age of the animal [25, 26, 31], and the strain of the animal 
[39]. The gender-specific effects also appeared to depend 
upon the pain test employed: the jump test was far more 
effective in detecting gender differences in CCWS and ICWS 
analgesia than the tail-flick test. It is conceivable that the use 
of a single high beam setting which elicited short (2-3 sec) 
tail-flick latencies may have overridden possible gender 
differences. Other studies using different beam settings indi- 
cate differential effects: morphine increased high-intensity 
(low baseline) latencies more reliably than low-intensity 
(high baseline) latencies. In contrast, naloxone reduced low- 
intensity (high baseline) latencies better than high-intensity 
(low baseline) latencies [29]. Our laboratory found that dif- 
ferent beam settings on the tail-flick test differentially af- 
fected responsivity following pretreatment with antisera 
raised against beta-endorphin, vasopressin and oxytocin. 
This variable should be considered in further studies. Specu- 
lation on the functional significance of this finding in the 
absence of further physiological data would be premature, 
but this demonstrates another instance in which the pain test 
is a critical determinant in indicating the direction and mag- 
nitude of given analgesic effects (e.g., [1, 19, 20, 36, 37]). 

In functional terms, the data suggest that gonadal steroids 
are important in modulating the analgesic responses follow- 
ing CCWS and ICWS. Previous work [1] has shown that 
normal female rats display less morphine analgesia than 
age-matched male rats. Since ICWS analgesia is opioid- 
mediated [23,24] and CCWS analgesia is nonopioid-mediated 
{12, 13, 30], and since the magnitude of both forms of 
analgesia are less in adult females, it would appear that 
gonadal function is capable of modulating both opioid and 
nonopioid forms of analgesia. The suggestion that the male 
gonadal steroid, testosterone, is responsible for the in- 
creased analgesia in males is supported by the reduction in 
morphine analgesia following castration [17]. Ongoing 
studies in our laboratory are currently investigating the ef- 
fects of gonadectomy and steroid replacement therapy upon 
CCWS and ICWS analgesia. 
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McLAUGHLIN, C. L., C. A. BAILE, R. L. GINGERICH AND M. E. MICHEL. Influence of nalmefene on energy 
balance and glucose regulation in Zucker rats. PHYSIOL BEHAV 37(6) 899-908, 1986.—It has been hypothesized that 
opioid peptides play a role in the development of obesity. The opiate antagonist naltrexone decreases glucose-stimulated 
insulin release, while the sensitivity of diabetic rats to naloxone-induced satiety is increased. These findings suggest a 
possible interaction between glucose concentrations and opiate antagonists in the control of food intake. In three experi- 
ments the energy balance and glucose regulatory responses of Zucker obese and lean rats to chronic administration of 
nalmefene, an opiate antagonist, were measured. Nalmefene, when injected subcutaneously or added to feed for 21 days, 
decreased food intake and weight gain of obese and lean rats. These responses were more pronounced during the first week 
of treatment and were greater in obese than lean rats. Nalmefene increased glucose concentrations during day | and weeks 
1, 2 and 3 only when given subcutaneously. Nalmefene given intragestrically attenuated glucose-stimulated increases in 
insulin release only in obese rats. Thus, chronic nalmefene administration is not likely to be an effective treatment for 


obesity or diabetes. 
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INCREASING evidence supports the hypothesis that opioid 
peptides play a role in the control of food intake, specifically 
by stimulating hunger. Intracerebroventricular (ICV) injec- 
tion of B-endorphin [23,37] and dynorphin [29] in rats and of 
dynorphin [5] and Met-enkephalinamide [2] in sheep in- 
creases feeding in satiated animals. It is possible that pep- 
tides injected ICV are acting at periventricular sites, since 
injection of B-endorphin [9,16], D-Ala?-Met-5-enkephal- 
inamide (DALA) [26,34] and morphine [26,35] directly into 
either the paraventricular or ventromedial nuclei induces 
feeding. 

Peripheral injections of peptides with opiate activity also 
influence food intake. For example, intraperitoneal injection 
of morphine [19,32], ketocyclazocine [19], ethylketocyc- 
lazocine [17,33] and butorphanol tartrate all increase feed- 
ing. However, administration of peptides which increase 
food intake when administered centrally decrease or do not 
influence food intake when injected peripherally [13,28]. 
Thus the role of peripherally administered opioid peptides in 
the control of food intake is less clear. 

Opiate antagonists have been used to provide evidence 
that opioid peptides influence feeding behavior. Peripheral 
administration of naloxone decreases food intake in many 





species and under a variety of experimental conditions [4, 
6-8, 20, 30]. In addition, a single injection or chronic treat- 
ment with naloxone or more long-acting preparations de- 
crease body weight or prevent an increase in body weight [3, 
15, 37] in rats. Paradoxically, however, decreases in food 
intake and body weight are often followed by compensatory 
increases [3, 15, 37], and chronic injection of naltrexone in 
young rats increases food intake and body weight [38-40]. 

Margules er al. [21] have suggested that opiates are in- 
volved in the development of obesity and have shown that 
Zucker obese rats and ob/ob mice are much more sensitive to 
the effects of opiate antagonists on food intake than their 
lean counterparts. Further, pituitary B-endorphin concen- 
tration was higher in obese than lean animals. King and Cas- 
tellanos [12] reported that rats made obese by lesioning of 
the ventromedial hypothalamus were more sensitive than 
normai-weight controls to naloxone. However, Gunion et ai. 
[10] found, under slightly different conditions, that VMH- 
lesioned obese rats or rats made obese by other means re- 
sponded the same as normal rats; these findings suggest that 
this hypothesis does not necessarily extend to all models of 
obesity. 

In an effort to decrease body weight, investigators have 
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FIG. 1. Change in average daily food intakes of Zucker obese and 
lean female rats receiving twice daily subcutaneous injections of 
saline or 2 mg/kg nalmefene for 21 days. **,***Food intake of 
nalmefene-treated obese and lean rats different from that of saline- 
treated rats for time period, p<0.01 and p<0.001, respectively, 
ANOVA. Bars at end indicate SEM. 


treated obese rats chronically with opiate antagonists. Obe- 
sity which develops as a result of the consumption of a highly 
palatable diet in rats is prevented by administration of nal- 
trexone and zinc tannate of naloxone [1,20]. Recant et al. 
(31] demonstrated that obese (ob/ob), but not lean mice, in- 
jected daily with naltrexone grew more slowly than saline- 
injected controls. Chronic treatment with naltrexone in- 
creased plasma f-endorphin concentrations three-fold in 
obese mice and six-fold in lean mice. These findings show 
that effects of naltrexone on plasma f-endorphin are 
stronger in lean than obese mice and that increased plasma 
B-endorphin concentrations are associated with decreased, 
not increased, body weights. In contrast, naltrexone treat- 
ment decreased pituitary B-endorphin concentrations in 
obese but not lean mice showing a possible correlation be- 
tween decreased pituitary B-endorphin concentration and 
decreased body weight. 

Nalmefene is another opiate antagonist which has been 
shown to decrease food intake and body weight in both 
obese and lean Zucker rats [25]. Nalmefene (6-desoxy-6- 
methylene naltrexone) is an opioid antagonist which given 
orally is twice as potent as naltrexone and 48 times as potent 
as naloxone in antagonizing analgesia induced by 7.5 mg/kg 
morphine in response to tail clip 30 min later [11]. It is 3.5 
times as potent as naltrexone and 59 times as potent as 
naloxone in antagonizing analgesia induced by 9 mg/kg mor- 
phine in the hot plate test 30 min later [11]. Hahn and 
Fishman have reported that nalmefene is longer-lasting and 
has less opioid agonistic activity than naloxone. 

The effects of opiate antagonists on food intake appear to 
be influenced by glucose concentrations. For example, ob/ob 
mice, in addition to being obese, are hyperinsulinemic and 
hyperglycemic. Levine et al. [18] have shown genetically 
diabetic mice (db/db) to be very sensitive to the food intake 
effect of naloxone, and streptozotocin diabetic mice to be 
even more sensitive. This finding suggests that hypergly- 
cemia rather than obesity per se results in decreased sen- 
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FIG. 2. Change in average daily weight gains of Zucker obese and 
lean female rats receiving twice daily subcutaneous injections of 
saline or 2 mg/kg nalmefene for 21 days. *,**Change in weight gain 
of nalmefene-treated obese and lean rats different from that of 
saline-injected rats for time period, p<0.05 and p<0.01, respec- 
tively, ANOVA. Bars at end indicate SEM. 


Sitivity to opiate antagonists. In contrast, obese Zucker rats, 
which are only slightly hyperglycemic, responded more to 
opiate antagonists than normal weight rats under some con- 
ditions [31] but not others [24,25]. Zucker rats, because of 
their hyperinsulinemia and insulin resistance in the face of 
normoglycemia have been proposed as a model of type Il 
diabetes. The present experiments were designed to investi- 
gate the influence of subcutaneous and oral administration of 
the opiate antagonist nalmefene on energy balance and glu- 
cose regulation in Zucker rats. 


EXPERIMENT 1: INFLUENCE OF DAILY 
SUBCUTANEOUS INJECTION OF NALMEFENE ON 
ENERGY BALANCE, GLUCOSE REGULATION, AND 

B-ENDORPHIN CONCENTRATIONS 


METHOD 
Experimental Design 


Twelve obese female Zucker rats from our colony at 
Washington University Medical School were paired by daily 
food intake and one member was assigned to the control and 
the other to the treatment group. Similarly 12 lean female 
Zucker rats were assigned to treatment groups. The rats re- 
ceived twice daily subcutaneous injection for 21 days of 0.5 
ml/kg 0.9% NaCl (control) or 0.5 mg/kg 0.9% NaCl containing 
4 mg/ml nalmefene. 


Food Intakes and Body Weights 
Food intakes were measured for days 1, 2, 3-4, 5-7, 8-14 
and 15-21. Rats were weighed on days 1, 2, 4, 7, 14 and 21. 


Glucose and Insulin Concentrations 


Blood samples were taken from the tail vein immediately 
before treatment injection on days 1, 7, 14 and 21. On days 1 
and 21, the first and last days of treatment, blood samples 





NALMEFENE, ENERGY BALANCE AND GLUCOSE METABOLISM 


TABLE 1 


CHANGES IN SERUM GLUCOSE CONCENTRATIONS (MEAN + STANDARD ERROR OF THE MEAN, mg/dl) IN RESPONSE TO 
SALINE (S) OR NALMEFENE (N) IN ZUCKER OBESE AND LEAN RATS 





Day 


Lean Significance (p) 


S N Ph Tr < Ph 





Initial value 


Change from initial value 
0-30 
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0 
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Tr = treatment, Ph = phenotype, NS = not significant. 


TABLE 2 


CHANGES IN SERUM INSULIN CONCENTRATIONS (MEAN + STANDARD ERROR OF THE MEAN, 
U/ml) in response to saline (S)OR NALMEFENE (N) IN ZUCKER OBESE AND LEAN RATS 





Time Obese 


Day (min) Ss 


Lean Significance (p) 


Tr Ph Tr xX Ph 





Initial value 


Change from initial value 

0 0-30 —0.2 + 2.4 
30-60 21222 

0 6.9 + 2.5 

0 5.8 + 3.5 

0 12.6 + 3.5 . 

0-30 -49+2.5 -4.7 

30-60 -4.5 + 4.1 
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1.4 
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1.2 
4.3 
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+t t HH I 





Tr = treatment, Ph = phenotype, NS = not significant. 


were also taken 30 and 60 min after injection. Serum glucose 
(YSI Model 23A Glucose Analyzer) was measured on the 
day the samples were taken, and the remainder of the serum 
was frozen. Serum insulin concentration was measured in a 
single radioimmunoassay using a rat standard [27]. 


B-Endorphin Concentrations 


On day 22 the rats were anesthetized and a blood sample 
was drawn from the portal vein. Samples were centrifuged 
and serum was frozen until assayed. The pituitary was re- 
moved, divided into anterior and neurointermediate lobes 
and frozen on dry ice. Subsequently the samples were 
weighed, sonicated in 0.1 N HCl and centrifuged. Aliquots of 
the supernatant were lyophiiized and frozen until analyzed. 
Tissue and plasma samples were assayed for 8-endorphin 
content using radioimminoassay kits from Immunonuclear 
Corporation. 

Concentrations of f-endorphin in the anterior and 
neurointermediate pituitary were measured using a kit from 


Immunonuclear Corporation for tissues.The extracts were 
diluted with assay buffer to obtain concentrations within the 
range of the assay and 100 yl aliquots were incubated in 
duplicate with rabbit B-endorphin antisera for 24 hr before 
addition of '**1-8-endorphin. Bound label was precipitated by 
adding 500 yl goat antirabbit precipitating complex, cen- 
trifuging after a 2-hr incubation and aspirating the superna- 
tant. The minimum detectable concentration of 8-endorphin 
was 2 pg/tube. The antibody cross-reacts 100% with human 
B-endorphin, [Des-Tyr1] human 8-endorphin, [2-Me-Ala2} 
B-endorphin and alpha-acetyl-8-endorphin, 50% with human 
B-lipotropin and less than 0.1% with alpha-endorphin, Leu- 
enkephalin, Met-enkephalin, ACTH and dynorphin. 

Plasma samples were assayed for B-endorphin concen- 
tration using a kit obtained from Immunonuclear Corpora- 
tion. Using the kit and instructions, non-specific binding of 
125]-8-endorphin to high molecular weight plasma compo- 
nents at alkaline pH was avoided by affinity gel extraction of 
plasma by coupling B-endorphin antibody to Sepharose for 4 
hr. The extract was eluted with acid and neutralized and 200 
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TABLE 3 


PITUITARY WEIGHTS AND 8-ENDORPHIN CONCENTRATIONS AND CONTENT AND PLASMA 
8B-ENDORPHIN CONCENTRATIONS (MEAN + STANDARD ERROR OF THE MEAN) IN ZUCKER OBESE 
AND LEAN RATS INJECTED WITH SALINE (S) OR NALMEFENE (N) FOR 21 DAYS 





Obese 


Parameter 


Lean Significance (p) 


N Tr Ph Tr x Ph 





Anterior pituitary 
Weight (mg) 
Concentration (ng/mg) 
Total content (ug) 


11.9 + 1.0 
14.0 + 1.2 
163 + 9 


Neurointermediate pituitary 
Weight (mg) 
Concentration (ng/mg) 
Total content (ug) 


6.7 + 0.5 
139 + 11 153 


Plasma concentration 


(pg/ml) 372 + 55 


11.5 + 1.0 
14.5 + 1.1 
162 + 8 


7.7 + 0.4 


947+ 119 1161 + 63 


mee & iz 


15.8 + 0.6 
9S x 1.1 
150 + 15 


16.4 + 0.9 
1.1 12 
179 + 14 


7.2 + 0.4 
150 + 4 
1085 + 37 


7.4+ 0.3 
159 + 6 
1179 + 82 


492 + 49 465 + 19 





Tr = treatment, Ph = phenotype, NS = not significant. 
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FIG. 3. Average daily food intakes of Zucker obese rats offered 
ground lab chow containing no additive, nalmefene or tolbutamide 
for 21 days. *,"Lines with differing letters are significantly different, 
ANOVA and Duncan’s multiple range test, p<0.05. Bars at end 
indicate SEM. 


wl aliquots were incubated with rabbit anti8-endorphin 
serum and ™]-8-endorphin for 24 hr. The bound label was 
precipitated by adding 500 yl of goat antirabbit precipitating 
reagent, centrifuging after a 20-min incubation and aspirating 
the supernatant. The antibody has the same cross-reactivity 
as the one used in the tissue samples above, but cross-reacts 
less than 5% with £-lipotropin using this assay procedure. 


Statistical Analysis 


Values for each parameter were subjected to analysis of 
variance with factors of phenotype and treatment. 
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FIG. 4. Average daily food intakes of Zucker lean rats offered 
ground lab chow containing no additive, nalmefene or tolbutamide 
for 21 days. *,"Lines with differing letters are significantly different, 
ANOVA and Duncan’s multiple range test, p<0.05. Bars at end 
indicate SEM. 


RESULTS 
Food Intakes and Body Weight Gains 


Average daily food intakes during the 6-day preliminary 
period were higher for obese than lean rats (24.4+1.3 vs. 
20.4+1.2 g, p<0.001). Differences from these baseline val- 
ues were subjected to analysis of variance to evaluate re- 
sponses to treatment, Fig. 1. Changes in food intake were 
greater during the first days on treatment than during the 
subsequent days. For example, on days 1-2 and 1-4 food 
intake was significantly decreased by nalmefene treatment 
and remained so during weeks 1 and 2. However, by week 3 
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FIG. 5. Average daily weight gains of Zucker obese rats offered 
ground lab chow containing no additive, nalmefene or tolbutamide 
for 21 days. *”*”Lines with differing letters are significantly differ- 
ent, ANOVA and Duncan’s multiple range test, p<0.05 and p<0.01, 
respectively. Bars at end indicate SEM. 


the difference in food intake between control and 
nalmefene-treated rats was not significant. There was no 
difference in the response of obese and lean rats to nal- 
mefene. 

Initial body weights of obese rats were greater than those 
of lean rats (333+20 vs. 260+22, p<0.001). Weight gains 
were smaller in nalmefene-treated compared with saline- 
treated rats during days 1, 1-2 and 1-4, but there were no 
significant treatment effects on weight gain during weeks 1, 2 
or 3 or during the 21-day period (Fig. 2). In addition, re- 
sponses of obese rats to nalmefene did not differ from those 
of lean rats. 


Glucose and Insulin Concentrations 


Serum glucose concentrations and changes from baseline 
are presented in Table 1. Thirty min after the first injection 
(day 0), there was a trend for glucose concentrations to be 
higher in nalmefene- than saline-injected rats (p=0.06). In 
contrast, the change in glucose concentrations during the 
30-60 min period was greater in saline- than nalmefene- 
injected rats (p=0.02), suggesting that a compensation had 
occurred. Over the 60-min period analysis of a treatment by 
phenotype interaction revealed that after nalmefene treat- 
ment glucose concentrations were lower than after saline 
treatment in obese rats and higher than after saline treatment 
in lean rats. Glucose concentrations in each of the samples 
taken at weekly intervals were higher in rats receiving nal- 
mefene than those receiving saline injections. On the last day 
of treatment, nalmefene injection did not influence glucose 
concentrations at any time period. 

Insulin concentrations in obese rats were twenty times 
those in lean rats (Table 2). Differences from baseline were 
calculated to evaluate effects of treatment. There were no 
significant effects of nalmefene treatment on serum insulin 
concentrations at 30 and 60 min. 
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FIG. 6. Average daily weight gains of Zucker lean rats offered 
ground lab chow containing no additive, nalmefene or tolbutamide 
for 21 days. **Lines with differing letters are significantly different, 
ANOVA and Duncan’s multiple range test, p<0.01. Bars at end 
indicate SEM. 


B-Endorphin Concentrations 


Pituitary weights and B-endorphin concentrations in the 
pituitary and plasma are presented in Table 3. There was a 
trend for the total content of B-endorphin in the neurointer- 
mediate pituitary to be increased in rats treated with nal- 
mefene compared with those treated with saline (p=0.07). 
The anterior pituitary from obese rats weighed more than 
that from lean rats, but there were no effects of treatment. 
There was a trend for plasma B-endorphin concentrations to 
be higher in nalmefene-treated obese but not lean rats 
(p=0.06). 


EXPERIMENT II: COMPARISON OF THE ENERGY 
BALANCE AND GLUCOSE REGULATORY 
RESPONSES TO ADDITION OF NALMEFENE AND 
TOLBUTAMIDE TO FEED 


METHOD 
Experimental Design 


Twenty-four obese and 24 lean female Zucker rats, ob- 
tained from the University of California at Davis, were 
adapted to the environment for one week. During a subse- 
quent preliminary week, intakes of ground chow (Purina Lab 
Chow) and body weights were measured daily. Obese rats 
were blocked into groups of three on the basis of average 
daily food intake during this period. Three treatments were 
assigned using a Latin square design. Treatments were as- 
signed similarly to the lean rats. The three treatments were: 
(1) ground chow, (2) ground chow containing 100 mg nal- 
mefene/kg and (3) ground chow containing 670 mg tol- 
butamide/kg. Rats were fed treatment diets for three weeks, 
then all rats received the ground chow with no additive for 
one recovery week. 
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TABLE 4 


SERUM GLUCOSE (mg/dl) AND INSULIN (4 U/ml) CONCENTRATIONS (MEAN + STANDARD ERROR OF THE MEAN) IN 
RESPONSE TO ADDITION OF NALMEFENE (N) OR TOLBUTAMIDE (T) TO FOOD OF ZUCKER OBESE AND LEAN RATS 





Obese 


Day 


Lean 
7 





Glucose (mg/dl) 
Initial value 


Change from initial value 
7 —2.4+ 5.8 
14 4.3 + 8.3 
21 4.0 + 3.3 


Change from day 21 

28 —3.5 + 3.4 

Insulin (U/ml) 
Initial value 


—6.3 + 4.5 


Change from initial value 
7 3.11 


Change from day 21 


28 2.95 + 1.05 1.47 + 1.26 0.07 + 0.81 


121.4+2.8 119.6+6.3 116.4+ 2.4 


—10.6 + 3.2 


11.72 + 2.43 13.91 + 2.16 12.54 + 2.27 


1.58 2.56+ 2.12 6.75 + 2.54 —0.24 + 0.10 
14 6.75 + 2.54 6.10 + 1.90 8.36 + 2.38 -—0.02 + 0.05 
21 1.59 + 2.64 3.84 + 1.83 7.83 + 2.59 —0.37 + 0.18 


179.5+ 12.3 166.8 + 12.0 184.1 + 11.1 


31.6 + 21.5 
35.1 + 23.4 
65.0 + 11.7 


30.5 + 11.3 
17.9 + 15.8 
48.4 + 12.4 


64.0 + 8.9 
42.3 + 13.3 
68.9 + 9.6 


0.0 + 5.4 Red & SZ —- 1128.5 


0.81 + 0.13 0.90 + 0.13 1.02 + 0.12 


—0.06 + 0.06 
0.04 + 0.04 
—0.25 + 0.10 


—0.04 + 0.06 
—6.30 + 0.09 
—0.26 + 0.13 


0.37 + 0.21 0.14 + 0.06 0.19 + 0.11 





C = control. There were no effects of treatment on glucose or insulin concentration in obese or lean rats at any time. 


Food Intakes and Body Weights 


During the treatment period, food intakes were measured 
on days 1, 2, 3-4, 5-7, 8-14 and 15-21. During a recovery 
week food intakes were measured on days 1, 2, 3—4 and 5-7. 
Body weights were measured on days 2, 4, 7, 14 and 21 
during the treatment period and on days 1, 2, 4 and 7 during 
the recovery week. 


Blood Samples 


Rats were bled via the tail vein on days 0 (before the first 
injection) and 7, 14, 21 and the last recovery day. Rats were 
fasted at least 2 hr before the samples were taken. Serum 
was separated, and analyzed for glucose concentration im- 
mediately. The remainder of the sample was frozen until 
subsequent assay for insulin concentration. 


Statistical Analysis 


Values for each parameter were subjected to analysis of 
variance with factors of phenotype and treatment. 


RESULTS 
Food Intakes and Body Weight Gains 


Average pretreatment food intakes were 20.3+0.8 and 
17.4+0.4 for obese and lean rats, respectively (p<0.001). 
Food intakes were significantly higher in obese than lean rats 
and were analyzed separately. Food intakes of obese rats 
receiving nalmefene were decreased compared with those of 
control rats on days 2, 5-7 and 8-14 (Fig. 3). In contrast, 
food intakes of rats receiving tolbutamide did not differ from 
those of control rats at any time. The response to nalmefene 
was greater than that to tolbutamide during days 2 and 3-4. 
Food intakes appeared to increase during the recovery com- 


pared with the treatment period for all treatments, but there 
were no differences amoug the treatment groups, suggesting 
that a compensatory increase in food intake had not oc- 
curred. 

Food intakes of lean rats receiving nalmefene were de- 
creased during days 2 and 1-7 of the treatment period (Fig. 
4). Rats receiving tolbutamide ate more than those receiving 
nalmefene during the first week of the treatment period. Al- 
though food intakes of nalmefene- and tolbutamide-treated 
rats did not differ from those of control rats during the sec- 
ond and third weeks, there appeared to be a compensatory 
increase in food intake in nalmefene-treated rats during the 
recovery period on days 1, 3—4 and 1-7. In addition, while 
food intakes of tolbutamide-treated rats were not different 
from those of control rats, they were lower than those of 
nalmefene-treated rats on days 3—4 and 1-7 of the recovery 
period. 

Average body weights before treatment were 545+ 14 and 
271+5 for obese and lean rats, respectively (p<0.001) and 
data for each were analyzed separately. Obese rats receiving 
nalmefene lost weight compared with controls during days 2, 
5-7, 1-7, 15-21 and overall during the treatment period (Fig. 
5). Weight gains of obese rats receiving tolbutamide were 
also less than those of controls during days 2, 5—7 and 1-7, 
although not during the 21-day period overall. During the 
recovery period nalmefene- and tolbutamide-treated rats 
gained more weight than control rats during the first day and 
nalmefene-treated obese rats gained more than control and 
tolbutamide-treated rats over the 7 days. 

Lean rats receiving nalmefene lost more weight than 
those receiving tolbutamide or no additive on days 2, and 1-7 
of the treatment period, and gained more weight than either 
group during day 1 and days 1-7 of the recovery period (Fig. 
6). 
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TABLE 5 


CHANGE IN SERUM GLUCOSE (mg/dl) AND INSULIN (U/ml) CONCENTRATIONS (MEAN + STANDARD ERROR OF THE 
MEAN) OF ZUCKER OBESE AND LEAN RATS ORALLY ADMINISTERED SALINE (S) OR NALMEFENE (N) WITH OR 
WITHOUT GLUCOSE 





Obese 


Lean Significance (p) 


Ph Tr < Ph 





Glucose Concentration (mg/dl) 
Without glucose 
initial 
0-30 min 
30-60 min 


With glucose 
Initial 
0-30 min 
30-60 min 
Insulin Concentration (U/ml) 
Without glucose 
Initial 
0-30 min 
30-60 min 


With glucose 
Initial 
0-30 min 
30-60 min 


1146+ 4 
2x2 
6+ 1 


113 +2 
10 + 6 
14+ 5 


106 + 2 
67 + 17 
-18+7 


104+ 4 
76 + 17 
—16 + 13 


31.0 + 12.2 
—7.5 + 4.4 
—8.0 + 2.7 


19.9 + 5.0 
—7.8 = 4.2 
1.9 + 3.6 


144+2.6 11.7+2.5 


18.0+ 2.7 11.5 + 0.7 
—18.7 + 2.5 -—12.7 = 08 


I+ I+ I+ 


rss 
+ + It 
2 AS 





Tr = treatment, Ph = phenotype, NS = not significant. 


Glucose and Insulin Concentrations 


Neither glucose nor insulin concentrations were affected 
in rats receiving nalmefene or tolbutamide in the food (Table 
4). 


EXPERIMENT III: GLUCOSE AND INSULIN 
RESPONSES TO ORAL ADMINISTRATION OF 
NALMEFENE WITH OR WITHOUT GLUCOSE 


METHOD 
Experimental Design 


Eight male obese Zucker rats (initial body weight: 546+ 14 
g) and eight male lean Zucker rats (initial body weight: 
400+ 14 g) from our colony at Washington University Medi- 
cal School were paired by body weight within phenotype. 
One member of each pair was assigned to the saline group 
and the other member was assigned to the nalmefene group. 
After a 2-hr fast 2.0 ml/kg saline or 2.0 ml/kg saline contain- 
ing 1.0 mg/ml nalmefene was administered intragastrically. 
On the second treatment day, after a 2-hr fast, rats received 
2.0 ml/kg 50% dextrose or 2.0 ml/kg 50% dextrose containing 
1.0 mg/ml nalmefene. 


Blood Samples 


Blood samples were obtained from the tail vein just be- 
fore treatments were administered and 30 and 60 min later. 
They were spun down and the serum harvested. Glucose 
concentrations were measured the same day and the remain- 
der of the sample was frozen until assay for insulin concen- 
trations. 


Data Analysis 


To make comparisons of treatment effects the changes in 
concentration from the initial values were subjected to 
analysis of variance. 


RESULTS 
Glucose Concentrations 


Glucose concentrations were higher in obese than lean 
rats during the initial zero time sample (Table 5). Although 
administration of glucose resulted in large increases in serum 
glucose levels there were no effects of nalmefene treatment 
on glucose concentrations. 


Insulin Concentrations 


Insulin concentrations were much higher in obese than 
lean rats, and during the experimental period showed much 
larger changes in response to repeated sampling and treat- 
ment administration. In the absence of glucose there was a 
trend for a smaller change in insulin in nalmefene-treated 
compared with control rats during the 30 to 60 min period 
(p =0.06). In the presence of glucose there was a significant 
phenotype by treatment interaction at 0-30 min and 30-60 
min which suggests that nalmefene lowered insulin concen- 
trations in obese rats and increased insulin concentrations in 
lean rats at 0 to 30 min and had the opposite effect at 30 to 60 
min. 


DISCUSSION 


In the present experiments chronic administration of nal- 
mefene both by subcutaneous injection and addition to food 
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decreased food intake and body weight in obese and lean 
rats, but initial strong effects were partially offset by subse- 
quent increases. In addition, acute nalmefene treatment de- 
creased glucose-stimulated insulin release in obese rats 30%, 
but chronic nalmefene treatment did not influence insulin 
concentrations. Both acute and chronic nalmefene treatment 
were associated with increased glucose concentrations. 
These results suggest that the potential use of nalmefene to 
control obesity and/or diabetes is limited. 

In both experiments in which nalmefene was adminis- 
tered chronically, the decreases in food intakes and body 
weight gains were greatest during the first few days or week 
on study. In obese mice injected with naltrexone, a di- 
minished effect was reported, but only after 3 weeks of 
treatment [31]. More immediate effects were seen during 
chronic injection of naltrexone with mimipumps for 5 days 
after implantation of naloxone pellets [15,37]. In contrast, 
administration of zinc tannate of naloxone, a long-lasting 
opiate antagonist, abolished diet-induced obesity in rats [20], 
and differences in body weight increased with time. 

In another study with nalmefene chronic injection of male 
rats with low doses decreased food intake, while injection of 
female rats resulted in actual increases in food intake and 
body weight after an initial decrease [25]. Zagon and 
McLaughlin [39] also found that body weight of preweanling 
rats was increased by daily injection of 50 mg/kg naltrexone 
and decreased by daily injection of 1 and 10 mg/kg nal- 
trexone. In sum, these results suggest that influences of 
opiate antagonists on food intake and body weight depend on 
dose and length of treatment administration. It is possible 
that chronic injection results in receptor down regulation, 
which in combination with other opiate-mediated factors, 
may interact to influence controls of food intake and energy 
balance. 

Analysis of the food intakes and body weight gains during 
the chronic injection experiments revealed no significant 
differences hetween the responses of obese and lean rats. 
Results of a previous experiment with nalmefene demon- 
strated an increased sensitivity of obese rats to higher 
doses, but a decreased sensitivity to lower doses com- 
pared with normal-weight rats [25]. In a study using ob/ob 
mice naltrexone decreased weight gain in obese but not 
lean mice when the treatments were administered on a per 
kg basis [31]. Obesity occurring as a result of being of- 
fered a cafeteria diet was prevented by chronic injection of 


zinc tannate of naloxone. However food intake of rats which 
were offered a lab chow and did not become obese was not 
affected by similar treatment [20]. Thus, long-term adminis- 
tration of opiate antagonists appears to inhibit hyperphagia 
rather than normophagia. 

Increased sensitivity to opiate antagonists has been ob- 
served in short-term studies as well [12, 18, 21], although in 
some instances it appears that obese animals do not respond 
more than lean animals to opiate antagonists [10,25]. In 
fact, although Zucker rats were more responsive to periph- 
erally administered naloxone, they were less responsive to 
naloxone administered centrally [36]. 

The responses of Zucker rats to nalmefene either injected 
subcutaneously or added to the feed were not compared di- 
rectly, however, it appears that the twice daily injections 
resulted in greater changes. Since the amounts received by 
the rats were similar when calculated on a daily basis, the 
difference in response may be due to the timing of the drug 
delivery. In the rats injected twice daily concentrations were 
highest at the initiation of the light and dark portions of the 
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diurnal cycle and feeding may have been inhibited primarily 
during these periods when the rats are relatively hyper- 
phagic. On the other hand, it was reasoned that addition of 
nalmefene to the feed would result in drug delivery during 
normal mealtime. It is possible that the drug was not ab- 
sorbed rapidly enough to affect the current meal, but acted to 
inhibit the initiation of or decrease the size of the subsequent 
meal. Analysis of feeding behavior revealed that nalmefene 
decreased meal size and increased meal frequency when 
administered subcutaneously just before the initiation of the 
dark portion of the diurnal cycle [25]. This suggests that 
nalmefene may act primarily on meal size, and that increased 
meal frequency was a compensatory mechanism. 

Not only did the rate of delivery differ in the two experi- 
ments, but the amount delivered during the light and dark 
portions of the diurnal cycle differed. When nalmefene was 
injected twice daily, the amounts administered during the 
light and dark were the same, but when nalmefene was added 
to the feed, the amount received was likely greater during the 
dark than during the light. The latter method of administra- 
tion might be predicted to affect feeding more strongly be- 
cause more is delivered when more is eaten. However, the 
responses were smaller when nalmefene was added to the 
feed than when it was injected subcutaneously. The feeding 
response to naloxone has been shown to vary with diurnal 
cycle. Meal size was decreased more when naloxone was 
injected at the beginning of light portion of the diurnal 
cycle than when it was injected at the beginning of the 
dark portion [24]. Brands reported that a single daily in- 
jection of naloxone at the beginning of the dark portion of 
the diurnal cycle decreased nighttime but increased daytime 
feeding so that there was no difference in food intake com- 
pared with controls during the 10-day period [3]. Diurnal 
feeding responses have aiso been reported for administration 
of morphine. Morphine increased food intake when injected 
during the light in ad lib fed rats [30], but decreased food 
intake when injected during the dark [14]. Although none of 
these findings explain why the two methods of administra- 
tion of nalmefene produced different quantitative results, 
they provide further evidence of diurnal variation in feeding 
response to opiates. It is likely that the two methods resulted 
in different distributions of drug delivery. 

Tolbutamide is an oral antidiabetic agent which can nor- 
malize blood sugar. It is believed to stimulate release and 
synthesis of insulin. Thus, in the evaluation of the possible 


_ effects of nalmefene on glucose regulation, tolbutamide was 


included as a control. Even though six and one-half times 
tolbutamide as nalmefene was added to the food, the re- 
sponse was smaller than that for nalmefene in obese rats. 
Changes in food intake were not different from control and 
were also smaller than those for nalmetene. It is possible that 
decreases in food intake were due to a differential in taste to 
the rats. Thus, nalmefene was much more effective in in- 
fluencing food intake and body weight gain than tolbutamide. 

Concentrations of B-endorphin in the anterior but not 
neurointermediate pituitary were higher in obese than lean 
rats, as has been demonstrated previously in whole pituitary 
of Zucker rats and ob/ob mice [13,31]. However, in contrast 
to the decrease in B-endorphin concentration observed in the 
pituitary of naltrexone-treated rats [31], 8-endorphin content 
in the neurointermediate pituitary was increased in 
nalmefene-treated rats. Plasma concentrations of B-endor- 
phin were strikingly increased in both lean and obese mice 
treated with naltrexone [31], but in the present study 
plasma concentrations of B-endorphin were increased in 
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obese rats and decreased in lean rats treated with nalmefene. 
The smaller changes in plasma B-endorphin and the opposite 
responses of pituitary B-endorphin observed in the two 
studies may be due to the smaller amount of opiate 
antagonist injected in the present study (2 vs. 10 mg/kg twice 
daily), the length of treatment administered (3 vs. 5 weeks) 
or to a difference in growing compared with adult animals. 

One of the objectives of these studies was to evaluate the 
effects of nalmefene on glucose regulation. Because the re- 
sults of a previous study had demonstrated that naloxone 
decreased by almost 50% the insulin secreted from isolated 
islets of obese but not lean mice, it was predicted that insulin 
concentrations might also be decreased in the present study 
(31]. However, during chronic nalmefene treatment there 
were no effects on insulin concentration. In contrast, glucose 
concentrations increased more in rats 30 min after nalmefene 
than saline on the first day of injection. Further, glucose 
concentrations of the three weekly samples were higher in 
nalmefene- compared with saline-treated rats. These findings 
suggest that insulin activity was decreased in the absence of 
detectable insulin concentration differences. However in- 
creased glucose may also result from an indirect or indirect 
action of nalmefene on glucagon, glucocorticoids, etc. 
Further there is evidence for development of tolerance to the 
effect, since the glucose response to nalmefene occurred on 
the first but not last day. 

When nalmefene was added to the feed, no effects on 
either glucose or insulin concentration were observed. Be- 
cause the rats were fasted for 2 hr when these samples were 
taken, but not fasted when the samples were taken during the 


first study, it was possible that a glucose stimulus was neces- 
sary for the response to occur. When a glucose load was 
administered, the increase in insulin concentration during 
the first 30 min and the decrease in insulin concentration 
during the second 30 min were both smaller in nalmefene- 
treated obese but not lean rats compared with their respec- 
tive controls. Larger increases in glucose concentration 
which were present for nalmefene compared with saline 
were not significant, however. The in vivo decrease in insulin 
response in the present experiment and the in vitro decrease 
in insulin response reported by Recant et a/. [31] suggest that 
opiate antagonists may be used to influence insulin release. 

Thus nalmefene has been shown to influence food intake, 
energy balance and glucose regulation. However, there are 
limitations to the possible practical applications of nalmefene 
in controlling obesity and diabetes. While food intake was 
decreased by chronic subcutaneous injection of nalmefene, 
early decreases were not sustained for the subsequent testing 
period. Furthermore, although nalmefene added to the feed 
(given orally) decreased food intake and weight gain, and 
was more effective on a per gram basis than tolbutamide, the 
responses were not as strong as those to subcutaneous ad- 
ministration. Effects of nalmefene on glucose regulation 
were subtle, thus it is not an effective agent in controlling 
diabetes, since the decrease in glucose-stimulated insulin 
concentration was accompanied by an increase in glucose 
concentration. However, opiate antagonists appear to play 
some role in glucose metabolism and improved understand- 
ing of their mechanism of action may result in discovery of 
other agents which effectively control diabetes. 
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MEUNIER, M., M. SAINT-MARC AND C. DESTRADE. The Hebb-Williams test to assess recovery of learning after 
limbic lesions in mice. PHYSIOL BEHAV 37(6) 909-913, 1986.—A scaled-down Hebb-Williams closed-field maze was 
constructed and adapted for use with mice. In a first experiment, the acquisition performance of the original 12 Hebb- 
Williams mazes by BALB/c mice was studied in order to re-group the mazes into 3 main groups of difficulty (low, moderate 
and high). In a second experiment different problems from each class of difficulty were presented at 3 time intervals (between 3 
and 7 weeks after surgery) to mice with lesions of the cingulate cortex. The rate of acquisition in lesioned mice was observed to 
be facilitated between 3 and 5 weeks after surgery for the most difficult mazes. This effect was reversed (impairment) at 7 
weeks post-lesion. The observed biphasic behavioral modifications constitute evidence that our present protocol provides a 


useful tool to evaluate the time-course of changes in learning performance following brain injury. 
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WHEN studying the time course of the effects of brain injury 
on learning and memory processes, it is crucial to employ a 
battery of different testing procedures. Such tests should 
ideally be designed to measure and compare performance of 
different experimental groups at various stages following 
surgery while avoiding repetition of a given problem. The 
closed-field mazes of Hebb-Williams [5] are well adapted to 
this end. Originally this test was devised as a method of 
‘‘rating intelligence in rats’’ [3], in the sense that the 12 
different configurations provide a fairly extensive sampling 
of behavior over the course of several different learning 
problems (graded by difficulty in the version of Rabinovitch 
and Rosvold [13]). Various authors have previously used the 
Hebb-Williams test either to investigate the effects of hip- 
pocampal lesions [7-10], to study species differences [10] or 
to evaluate the effects of rearing conditions on learning and 
behavior in mice [2]. The experimental protocol used by 
these authors consisted of a consecutive testing of all (or at 
least some) of the twelve problems in a single session. It 
appears from all of these studies in the rat that the original 
battery of 12 tests can be subdivided into three main groups 
of difficulty (low, moderate and high). 

In the present study, we decided to evaluate the feasibil- 
ity of employing the three subdivisions of problems as a 
means of assessing performance of mice at different time 
intervals after brain injury, while at the same time avoiding 
the presentation of the same problem twice. 

In particular, we had previously shown a paradoxical 
facilitation of learning in the Skinner box two weeks after an 
electrolytic lesion of the cingulate cortex in BALB/c mice 
[4]. Thus, we have employed this protocol to investigate 


possible recovery of function of afferent and efferent path- 
ways destroyed by this lesion and the associated effects on 
learning performance at various time intervals following 
surgery. 

The study was divided into two main phases. In the first 
experiment, having adapted the maze to the size of the 
mouse, we studied the manner in which intact mice of the 
BALB/c strain learned each of the 12 problems originally 
described by Rabinovitch and Rosvold [13], in order to con- 
firm the feasibility of the subdivision into 3 classes of diffi- 
culty. In the second experiment, different problems from 
each class of difficulty were presented at various time inter- 
vals to mice bearing lesions of the cingulate cortex. 


EXPERIMENT I 


METHOD 


Animals 


The animals were 36 male mice of the BALB/c Orl strain 
which were approximately 8 weeks old at the beginning of 
the experiments. Eight days prior to behavioral testing they 
were housed in individual cages with ad lib access to food 
and water in a climatized room (21°C), under 12 hr light-12 hr 
dark cycle (light on from 7 a.m. to 7 p.m.). 


Apparatus 


The closed-field apparatus (Fig. 1) consisted of a box 
(60 x60 x 10 cm) made of gray PVC plastic and covered with a 
clear Plexiglas top. The floor was divided in 36 squares, 
outlined in white, which served to define error zones and 





> 4 
FIG. 1. The Hebb-Williams closed-field maze for mice. 


also acted as markers for placing the barriers. Removable 
barriers (10 cm high) were used to construct the different 
mazes of the test. Start and food compartments (20x 10x 10 
cm) were located in two diagonally oppesite corners, and 
were equipped with photocells. The photocells were con- 
nected to a chronometer so that running times could be re- 
corded with a precision of 0.01 sec. A low intensity diffuse 
illumination (10 Lux) was provided inside the apparatus and 
a white noise (42 dB) was used during all the learning ses- 
sions. 


Behavioral Procedure 


Preliminary training. As _ previously suggested by 
Rabinovitch and Rosvold [13], the aim of the preliminary 
training is to adapt the animal to the apparatus and handling, 
and to establish the habit of going to the food box without 
stress and with a minimum of exploratory behavior. 

A food deprivation schedule [6] was gradually initiated 
over 4 days so that, at the time of the training, the mice 
weighed 88% of their free feeding weight. They were then 
submitted to the initial series of 6 “‘practice’’ problems de- 
scribed by Rabinovitch and Rosvold [13]. The training took 
place between 8 a.m. and 5 p.m. Each “‘practice’’ problem 
was presented 4 times and the animals were allowed to eat 3 
pellets (Bio-Serv, 20 mg) after each trial. The series was 
repeated daily for 6 days (with 4 trials per problem) until the 
mice ran directly to the food compartment immediately after 
being placed in the starting box, and despite changes in the 
position of the barriers. Thirty minutes after the end of each 
daily session all the animals were given a food ration (from 
2.5 to 3 g) in their home cages. This was individually adjusted 
so that an animal’s weight at the beginning of the session, 24 
hr later, was 88% of its free feeding weight. We considered 
that a mouse was well trained when the criterion of 4 con- 
secutive trials was attained in less than 20 sec. 

Testing procedure. The 12 test problems were succes- 
sively administered at the rate of one problem per day, eight 
trials per problem, with constant reward of 3 pellets on all 
trials. Learning was conducted over 12 consecutive days 
with conditions of testing being kept constant throughout the 
experiment. 
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TABLE 1 


PERFORMANCE OF BALB/c MICE AND CALCULATED CRITERION 
OF DIFFICULTY FOR EACH OF THE 12 MAZE TESTS 





No. of 
error 
zones 


Criterion 
of difficulty 


Mean number 


Maze of errors 





Maze 1 
Maze 2 
Maze 3 
Maze 4 
Maze 5 
Maze 6 
Maze 7 
Maze 8 
Maze 9 
Maze 10 
Maze 11 
Maze 12 


Whole test 


sai & 2.2 0.59 
35.2 + 1.8 9.73 
19.6 + 1.4 0.49 
20.2 + 1.0 0.50 
35.0 + 1.5 0.86 
27.4 21.5 
29.7 + 2.1 
32.3 + 2.6 
28.4 + 1.6 
37.8 + 2.5 
38.2 + 2.8 
16.2 + 1.4 


358.7 + 8.3 


—UASUEHDHUMMND 





Values are mean number of errors + SEM for 36 mice. 
For calculation of the criterion of difficulty, see text for details. 


According to the rules employed by Rabinovitch and 
Rosvold, an error was scored each time an animal’s two 
fore-paws crossed into an error zone. Error zones are indi- 
cated in Fig. 3 by the dashed lines. 

Criterion of difficulty. As defined by Rabinovitch and 
Rosvold, performance was initially measured by the mean 
number of errors recorded for each problem (see Table 1). 
However, as can be seen in Fig. 3, the number of error zones 
per item is variable (from 1 to 8), so that the mean number of 
errors could not be directly used to compare the scores of the 
12 problems. We thus decided to order the 12 mazes accord- 
ing to a criterion of difficulty (D) which took this variability 
into account. For each problem, the performance was indi- 
vidually calculated and expressed as the ratio (D): mean 
number of errors per trial/number of error zones. The greater 
the value of this ratio, the greater the maze difficulty (see 
Table 1). Furthermore, the intertrial improvement of per- 
formance, i.e., the improvement of the scores during the 8 
trials of each maze, was evaluated using linear regression 
analysis (see Fig. 2 for an example). 


RESULTS 


Table 1 summarizes the results. 


Mean Number of Errors 


The low values of the S.E.M. indicate good homogeneity 
of scores for each maze and for the whole test (see Table 1, 
left side). 


Criterion of Difficulty (Table 1, right side) 


The 12 mazes can be grouped into 3 sub-divisions as a 
function of relative degree of difficulty—low, moderate, 
high: 

—low; 0.49 < D < 0.60; mazes No. 1,3,4,7. 
—moderate: 0.71 < D < 0.86; mazes No. 2,5,6,9. 
—high: 0.96 < D < 2.01; mazes No. 8,10,11,12. 
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FIG. 2. Learning curves (mazes 1, 5 and 12) of BALB/c mice. Abscissa: eight trials; Ordinate: mean number of errors per trial. 
The slopes (mean intertrial improvement of performance) shown in the right side of the graphs are obtained by linear regression 
analysis. 
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FIG. 3. Maze configurations presented in each of the 3 testing sessions (see text for further explanations). 
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FIG. 4. Time-course of effects of cingulate cortex lesions. The per- 
formances are expressed as the mean percent variation (+) of 
lesioned mice compared to controls (baseline) for the last 3 mazes on 


each set (presented at days 20 to 22, 33 to 35 and 46 to 48, after 
lesioning). 


Intertrial Improvement of Performance 


Analysis of the intertrial improvement of performance 
corroborates this classification. As can be seen in Fig. 2, the 
improvement of each animal’s performance from the Ist to 
the 8th trial varied according to the level of difficulty. Maze 1 
is a good example of the easiest problems: in the first trial, 
the animals exhibited a high number of relative errors, but 
the slope of the learning curve reveals a rapid acquisition of 
the task. In mazes of medium difficulty, (e.g., maze 5), mice 
made relatively more errors during the 5 first trials, but the 
slope of the curve indicates that this type of maze is learnt in 
a single session. Maze 12 presented a high degree of diffi- 
culty: the slope of the learning curve shows that there is little 
improvement of performance from trial | to trial 8 in a single 
session. 

Our data show that mice of the BALB/c strain learned 
most mazes in a single session of 8 trials. Moreover, the 
homogeneity of performance presently observed is in ac- 
cordance with previous results obtained using a T-maze [1] 
or an operant lever-press conditioning in the Skinner box [6]. 
Consideration of both the criterion of difficulty and the slope 
of the learning curve showing the intertrial improvement of 
the score justified the distribution of the mazes into 3 subdi- 
visions of 4 items. Thus each subdivision constituted a 
*‘simplification’’ of the original protocol. According to our 
results concerning both the criterion of difficulty and the 
slopes of the learning curves, it seemed appropriate to pro- 
pose the following 3 sets (see Fig. 3). Set 1=mazes No. 1, 6, 
9, 12. Set 2=mazes No. 2, 5, 8, 11. Set 3=mazes No. 3, 4, 7, 
10. 

As in the Rabinovitch and Rosvold protocol (1) problems 
were always given in order of increasing difficulty and (2) we 
alternated ‘‘odd’’ and ‘‘even”’ problems, so that animals had 
to turn right (“‘even’’ mazes) or left (‘‘odd’’ mazes) on leav- 
ing the starting box. 


EXPERIMENT II 


In this phase of our experiments we used the above sub- 
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division of the maze tests as a means of studying the possible 
recovery of learning abilities in mice with lesions of the cin- 
gulate cortex. Thus, the 3 sets were presented at different 
time intervals, between 19 and 48 days, after surgery - 


METHOD 


Subjects were 16 male BALB/c mice. According to previ- 
ously described procedures [4], 8 animals received restricted 
bilateral electrolytic lesions of the posterior cingulate cortex 
under general anesthesia (sodium thiopental, 100 mg/kg IP). 
Eight mice served as sham-operated controls. One week 
after surgery the food deprivation schedule described for the 
first experiment was initiated, and the animals submitted to 
the 6 ‘‘practice’’ problems in the closed-field apparatus. Six 
days later, when all the animals reached the criterion of 4 
consecutive runs in less than 20 sec (see above), a first series 
of 4 problems (mazes No. 1, 6, 9, 12) was administered at the 
rate of one problem per day, eight trials per problem, with 
constant reward of 3 pellets on all trials. This first testing 
phase took place between 19 and 22 days after surgery. Ac- 
cording to the same behavioral procedure, the second set of 
items (mazes No. 2, 5, 8, 11) was presented between post- 
operative days 32 and 35, and the third set (mazes No. 3, 4, 
7, 10) between 45 and 48 days after bilateral lesion of the 
cingulate cortex. 


RESULTS 


Figure 4 summarizes the results. 

No difference was observed between sham and operated 
mice for the first problems of the 3 sets previously classified 
as low difficulty (No. 1, 2, 3 presented on day 19, 32 and 45). 

At days 20-22 after surgery, significant improvements of 
performance were observed in lesioned animals: they rapidly 
learned the different mazes with moderate (No. 6; p<0.05, 
and No. 9; p<0.01) or high (No. 12; p<0.01) degrees of 
difficulty. 

The same phenomenon was observed for the last 3 mazes 
(No. 5, 8, and 11) presented at days 33-35 after surgery. A 
slight but significant facilitation of the acquisition was ob- 
served in cingulate lesioned animals (lesioned versus sham, 
p<0.05). 

In contrast a complete reversal of the effect (i.e., impair- 
ment) was observed when lesioned animals were tested be- 
tween 45 and 48 days after surgery. In this case, the impair- 
ment was particularly obvious when comparing the acquisi- 
tion performance of lesioned versus control animals on maze 
10 with high degree of difficulty (p><0.05). 


DISCUSSION 


We have previously proposed a number of different 
hypotheses which could account for the behavioral effects of 
cingulate cortex lesions [4,12]. In the present experiments no 
significant differences were observed between lesioned and 
control animals for the first day of testing (19, 34 and 45) in 
each session. The facilitation or impairment of acquisition 
was only visible on the subsequent days of testing in each 
block (20 to 22; 33 to 35; 46 to 48). The lack of difference 
between lesioned and sham animals for the easiest maze at 
the beginning of each session clearly indicates that the cingu- 
late lesion had no marked effect on the general behavioral 
capacities of the mice (e.g., activity, exploratory behavior, 
spatial understanding of the maze). Thus the improvement in 
performance observed between 3 to 5 weeks after lesioning 
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and the reversal of the effect after 7 weeks appear to be 
functions of the degree of difficulty of the items. However, 
this interpretation may be erroneous since the simplest maze 
was always presented first. Thus one cannot establish 
whether the observed effect is attributable to maze complex- 
ity or presentation order. At any rate, the presently observed 
paradoxical and transitory facilitation of learning perform- 
ance within 5 weeks after surgery may be related to the fact 
that lesioned animals appeared to exhibit a greater degree of 
adaptability than controls in each new daily learning situa- 
tion. One hypothesis which could account for this phenom- 
enon is that the lesioned mice are apparently less vulnerable 
to interference generated by the high degree of familiarity of 
the testing apparatus and the constantly changing maze con- 
figurations. 

In contrast, the reversal of the effect observed between 46 
to 48 days after surgery might be related to an incomplete 
restoration of the long-term memory storage or address 
mechanisms and/or inadequate recovery of function of the 
networks inside the cingulate cortex. The hypothesis of a 
deficit in long-term memory stores in lesioned animals will 
be directly tested by comparing at 7 weeks after surgery, the 
performance of 2 groups of lesioned animals, one submitted 
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to the same paradigm as in the present study (3 sets of mazes 
presented at the 3 time-intervals), the other beginning the 
learning experiment only after 7 weeks. If the present hy- 
pothesis is correct the animals of the second group will no 
longer exhibit the impairment presently observed. 

The present study shows that it is possible to use the 
Hebb-Williams closed field maze tests with BALB/c mice in 
an apparatus adapted to their size. Further our strategy of 
regrouping the 12 original mazes into 3 subdivisions of 
equivalent difficulty (1) retains the initial capacity of this test 
to discriminate subtle behavioral differences subsequent to 
lesions of limbic circuitry; (2) permits the possibility of mul- 
tiple testing over time without the repetition of a given maze. 
The present protocol is thus well-adapted to conduct behav- 
ioral screening on the time-course of the effects of brain 
injury and the possibility of functional recovery of afferent 
and efferent pathways destroyed by the lesion. 
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BONNET, M. H. Performance and sleepiness following moderate sleep disruption and slow wave sleep deprivation. 
PHYSIOL BEHAV 37(6) 915-918, 1986.—Recent studies have shown that periodically disrupted sleep resulted in signifi- 
cant daytime sleepiness and performance loss in normal young adults. One study suggested that the periodicity of distur- 
bance rather than the total number of sleep disturbances was the primary factor in causing degraded function. However, in 
that study, increased performance levels could have been associated with increased levels of slow wave sleep. The present 
study was designed to determine whether the amount of SWS rather than the periodic disruption of sleep accounts for 
decreased performance of Ss with disrupted sleep. Twelve normal young adults spent two 4-night periods in the laboratory. 
During one 4-night series, Ss were briefly aroused either following each 10 min of sleep or whenever they entered stage 3 
sleep (No SWS condition). During the second series of nights, Ss were briefly aroused after each 10 min of sleep (SWS 
condition). In the second series, additional arousals were performed after 5-min periods (but not when Ss were in SWS) to 
equalize the total number of arousals in the SWS condition with those in the No SWS condition. Total experimental 
arousals were equal in the disruption conditions, and the experimental manipulation was successful in reducing total SWS 
to infrequent epochs of stage 3 in the No SWS condition while allowing significantly more SWS in the SWS condition. In 
terms of sleep stages, this difference was balanced by increased stage 2 in the No SWS condition. Despite the differential 
occurrence of SWS, no performance, mood, or nap latency measure was different in the SWS vs. No SWS conditions, 
although performance loss of equal magnitude was seen in each condition as a function of sleep disruption. The data imply 


that it is the frequency and periodicity of sleep disturbance which determines the restorative capability of sleep. 


Sleep Sleep disruption Sleep deprivation 


Restoration 


Continuity theory Sleep apnea 





SEVERAL recent studies have shown that systematic dis- 
turbance of sleep leads to decreased daytime alertness and 
performance ability. Periodic sleep fragmentation in normal 
young adults at a rate of one disturbance per minute of sleep 
resulted in performance and sleepiness similar to that seen 
after total sleep loss [1,2]. Significant sleepiness was found in 
both patients [3] and in normal subjects [i] with sleep which 
was briefly disturbed at 10-min intervals, even though total 
sleep time did not differ by more than 40 min from that seen 
in control conditions. 

One study [1] examined performance and sleepiness after 
three sleep disruption conditions and after total sleep loss in 
an attempt to explain whether the restorative nature of sleep 
was more closely related to total minutes of time spent 
asleep, amounts of sleep stages SWS and/or REM, or pattern 
of sleep disturbance. Baseline and total sleep loss perform- 
ance levels were used to predict performance in the sleep 
disruption conditions (i.e., if total sleep was decreased to 
half of the baseline level following a disruption schedule, it 
was predicted that performance following that disruption 
schedule should also fall midway between baseline and total 
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sleep loss levels). It was found that subjects were signifi- 
cantly sleepier and performed more poorly when their sleep 
was briefly disturbed each 1 min or each 10 min than would 
have been predicted by their total time asleep on those 
nights, even when time spent in stage 1 sleep was not 
counted. In general, Ss performed better and were less 
sleepy when allowed 2.5 hr of undisturbed sleep followed by 
frequent disturbance than when disturbed at 10-min intervals 
throughout the night, even though total sleep time, stage 2, 
REM, and sleep efficiency were greater and stage | and total 
awakenings were fewer in the 10-min condition. The only 
sleep variable normally associated with restoration which 
was greater in the 2.5-hr sleep condition was SWS (75 vs. 46 
min on the second disruption night). 

SWS is frequently associated with bodily restoration in 
the literature for several pervasive reasons, including its 
proximity to sleep onset, its immediate rebound after sleep 
loss, and its association with high sensory thresholds and 
growth hormone secretion [5,6]. As such, it is important to 
determine whether the results reported by Bonnet [1] are 
actually related to the effects of sleep disturbance or whether 
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they are related to total amounts of SWS in the conditions. 
The current study sought to produce sleep disruption- 
associated daytime sequalae while manipulating SWS in a 
controlled fashion. It was hypothesized that the sleep dis- 
ruption would produce daytime performance loss but that 
there would be no difference in daytime performance level in 
a condition allowing SWS (SWS condition) versus a condi- 
tion not allowing SWS (No SWS condition). 


METHOD 


Twelve young adult subjects between the ages of 18 and 
28 were chosen to participate for two consecutive weeks. 
Subjects were normal sleepers who rarely took naps as de- 
termined by a sleep questionnaire. All subjects scored within 
the normal range on the depression scale of the MMPI. 


Design and Procedure 


Subjects normally participated in the study in pairs. After 
an unscored laboratory adaptation night, subjects spent four 
nights, usually Thursday through Sunday, in the laboratory 
during each week. The four nights were baseline (BL), two 
consecutive disruption nighis, and one recovery night. Sub- 
jects had recording electrodes attached 1 hr before bedtime 
on each night so that standard sleep recordings [7] could be 
made. Subjects also completed the Clyde Mood Scale and a 
simple reaction time task each evening. Subjects were put to 
bed at their normal bedtime (range 2300 to 0100). Each morn- 
ing subjects were awakened at their normal time of awaken- 
ing (range 0600 to 0800) and immediately performed 30 min 
of Wilkinson Addition and 30 min of Wilkinson Vigilance. 
They then had a sleep latency test followed by a reaction 


time task, the Clyde Mood Scale, and Stanford Sleepiness 
Scale. 


Performance Measures 


Subjects performed the same battery of tests each day. 
They included Wilkinson Addition (30 min and scored for 
number correct), Wilkinson Vigilance (30 min and scored for 
Hit Rate), and Simple Reaction Time (the 10-min task de- 
scribed by [4]). Following vigilance each morning, subjects 
attempted to fall asleep. The nap was terminated at the end 
of the first epoch of stage 2 sleep or at the end of 15 min, 
whichever came first. 


Disruption 


The criteria for awakening in the two awakening condi- 
tions were as follows: 

(1) No SWS condition. The subject was awakened 
throughout the night 10 min after the appearance of a well- 
defined spindle, K-complex, or rapid eye movement. The S 
was awakened immediately if he went into stage 3 sleep at 
any time. Total experimental arousals were counted for each 
disruption night. 

(2) SWS condition. The S was awakened after each 10 min 
of sleep as in the No SWS condition. However, the S was not 
awakened prior to the 10 min if he entered SWS. On each 
night, extra arousals were made after 5 min of sleep if the S 
was not entering SWS to equalize the total number of arous- 
als with the corresponding No SWS night. Subjects having 
the SWS condition first (conditions were counterbalanced) 
were scheduled to have the mean number of arousals that 
already completed subjects had in the No SWS condition. 

Subjects were awakened on disruption nights with a Bel- 
ton Model 109 screening audiometer through an earphone 
insert earpiece taped into their preferred ear. One thousand 
Hz tones were presented according to the following rule: 
Tones were begun at the approximate sleep threshold (40-60 
dB) and were increased in 10 dB steps until the S awoke. If 
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TABLE 2 
MORNING PERFORMANCE, NAP LATENCY, AND MOOD 
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the subject awakened to the first tone presentation on the 
initial trial, tone intensity was decreased 10 dB from that 
level for the next trial. If the subject did not awaken to the 
first tone presentation on the previous trial, the tone series 
was initiated at the intensity level which resulted in the 
awakening response. If the S did not awaken, intensity was 
increased in 10 dB steps. With this procedure, it was usually 
possible to awaken Ss within 10-15 sec. Ss were awakened at 
the first tone presentation on about 50% of trials and on the 
second presentation on most of the remaining trials. For 
purposes of this study, a subject was considered ‘‘awake”’ 
when he gave a sv jective verbal rating of his sleep/wake 
state [2]. 


RESULTS 


An average of 55 arousals was performed in the SWS 
condition on the first disruption night, and 63 arousals were 
performed on the second disruption night. Respective values 
for the No SWS condition were 58 and 60 arousals (differ- 
ences not significant by paired f-test). Arousal threshold at 
awakening was examined by comparing threshold values in 
the two conditions during the first hour of the first disruption 
night and the last hour of the second disruption night by 
repeated measures ANOVA. Arousal thresholds increased 
from night 1 to night 2, F(1,11)=44.8, p<0.0001, although 
thresholds did not differ at the beginning of disruption night 1 
(57 dB in No SWS vs. 52 dB in SWS) or at the end of disrup- 
tion night 2 [92 dB in No SWS vs. 82 dB in SWS, F(1,11)=2.0 
p>0.1, NS] in the SWS vs. No SWS comparison. 


Sleep Variables 


Means for the basic sleep variables for each study night 
can be found in Table 1. Data analysis for sleep and mood 
variables was accomplished by first comparing baseline and 


recovery night values for each week for each variable by 
within-subject f-test. If significant differences (here, p<0.05) 
were not found, baseline and recovery values were averaged 
for futher analysis. A significant difference was found only 
for stage 4 sleep, which rebounded on the recovery night. 
Therefore, only the baseline stage 4 values were used to 
compare with the disruption data. At this point repeated 
measures analyses of variance were performed on the 
baseline and second disruption night data. The ANOVAs 
had within-subjects terms for week (1 df), experimental 
condition (1 df), and interaction (1 df). A significant main 
effect for experimental condition in this design implied that 
the variable differed from baseline after both disruption 
conditions. A significant week by experimental condition in- 
teraction implied that the change from baseline to second 
disruption night was greater in one disruption condition than 
in the other. Post hoc pairwise comparisons for the signifi- 
cant interactions were performed using the Neuman-Keuls 
procedure at the 0.05 level. 

It can be seen from Table 1 that there were significant 
reductions in stage 3 percent, stage 4 percent, and total SWS 
percent in both disruption conditions and that the reductions 
were significantly greater in the SWS than in the No SWS 
condition for stage 3 [Interaction F(1,11)=10.9, »<0.01] and 
SWS [Interaction F(1,11)=10.2, p<0.01]. These changes 
represent the success of the experimental manipulation in 
reducing SWS in the No SWS condition. The disruption 
manipulation resulted in a decrease of about 30 min in total 
sleep time on the respective second disruption nights; an 
increase in awakenings, stage changes, and stage | sleep; 
and a decrease in REM as well as SWS parameters. The 
SWS and No SWS conditions differed only on the SWS pa- 
rameters and on stage 2 percent [Interaction F(1,11)=7.62, 
p<0.02], which increased in the No SWS condition and did 
not change in the SWS condition. 
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Table 2 presents daytime performance, morning nap la- 
tency, and subjective data from each morning of the study. It 
can be seen from the table that morning performance on 
correct additions was significantly worse after the second 
disruption night, F(1,11)=6.99, p><0.01, than on the baseline 
but that performance did not differ in the comparison be- 
tween the SWS and No SWS conditions, F(1,11)=0.12. 
Overall significant performance effects were not found for 
Vigilance Hit Rate or Reaction Time Median. On the morn- 
ing nap, latency reductions were found after both disruption 
conditions, F(1,11)=21.7, p<0.01, but again the disruption 
conditions did not differ, F(1,11)=0.11, NS. 

It can be seen from Table 2 that the morning subjective 
report scales (Stanford Sleepiness Scale and Clyde Mood 
Sleepiness and Clear Thinking Scales) were in agreement 
with the objective sleepiness and addition data. These three 
subjective measures indicated decreased function (p<0.02) 
after disruption but gave no indication of any difference be- 
tween SWS and No SWS conditions (F values <0.77). 


DISCUSSION 


The current experiment is the third in a series of studies 
which have examined the effects of periodic disturbance of 
sleep. Two studies [1,2] have demonstrated that disturbance 
of sleep at 1-min intervals resulted in nonrestorative sleep 
(i.e., performance close to total sleep loss levels). One study 
[1] examined sleep stage distribution and performance in 
three sleep disruption schedules and found that while total 
sleep time, total sleep time minus stage | sleep, total REM, 
and total REM plus SWS was greater in a condition with 
sleep periodically disturbed at 10-min intervals than in a 
condition which allowed 2.5 hr of sleep before repeated 
arousal at sleep onset, performance was better when 2.5 hr 
of sleep was allowed. These data could have been explained 
by total SWS, which was greater in the 2.5-hr sleep condi- 
tion. 

The present experiment was undertaken to replicate the 
demonstration of development of significant sleepiness and 
performance loss in a group of normal young adult subjects 
with an average of 59 brief disturbances of sleep at 10-min 
intervals. As in previous studies, it can be seen from Table 1 
that the sleep disruption procedure had relatively little im- 
pact on total sleep time (a reduction of about 30 min on the 
second disruption night) but did cause consistent sleep dis- 
tribution changes. The current study specifically attempted 
to differentially impact SWS within the disruption paradigm 
(the No SWS condition) and succeeded in reducing total 
SWS to 18% of baseline in the No SWS condition versus 55% 
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of baseline in the SWS condition. While significant perform- 
ance and mood effects were found as a function of the sleep 
disruption, no significant differences were found in mood or 
performance when the SWS and No SWS conditions were 
compared and no strong trends were seen. 

These data may be explained either by holding that slow 
wave sleep changes are not related to daytime function or by 
the possibility that a 45% decrease in SWS (in the SWS con- 
dition) results in functional loss which is not increased by 
more extreme SWS loss. The latter explanation is unlikely 
because it has been shown [1,2] that a greater decrease in 
SWS, when accompanied by an increased rate of sleep dis- 
ruption, does result in increased functional loss. The par- 
simonious explanation of these findings is that it is the frag- 
mentation, rather than the SWS decrease, which is related to 
daytime function. In conjunction with previous studies [1-3], 
these data further strengthen the contention that sleep pa- 
rameters, including sleep stage amounts and total amount of 
sleep, may not be related to restoration of function when 
periodic sleep disturbance exists. The data do imply, once 
again, that periods of continuous sleep in excess of 10 min 
are required for restoration of function during sleep (Sleep 
Continuity Theory). 

The total number of experimentally-produced arousals 
was relatively small in the current study (about 59 per night) 
and would compare to an apnea index of about 9 in a patient 
with sleep fragmented by periodic apneas. It should also be 
noted that despite relatively few arousals, morning stage 2 
nap latencies had declined to about 5 min following the sec- 
ond disruption night. While MSLT values often are obtained 
later in the day than those reported here, it is common to use 
5 min as a criterion value to define pathological sleepiness. 
Therefore, the reported reduction in nap latency, which was 
recorded following an hour of morning testing, must be con- 
sidered clinically as well as statistically significant. 

The sleepiness and performance loss reported in the cur- 
rent study appear greater than that reported in patients with 
mild sleep apnea. The difference can be accounted for by 
two major factors. First, arousals were closely timed and 
carefully operationally defined (via verbal report) in the cur- 
rent study so that their impact could be quantified and rep- 
licated. In patients with mild sleep apnea, arousal may not be 
complete. Also, we have shown that patients with mild 
apnea may have frequent periods of 90 min or longer during 
sleep without respiratory disturbance [3]. These long periods 
of consolidated sleep should allow significant restoration to 
occur. Second, in studies of patients, there is often no clear 
baseline; and many other medical, educational, and psycho- 
logical processes may obscure results. 
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TEWS, J. K., J. J. REPA, M. D. THORNQUIST AND A. E. HARPER. Choices by rats between water and solutions of 
GABA or other amino acids. PHYSIOL BEHAV 37(6) 919-923, 1986.—Responses differed widely when rats were offered 
choices between water and solutions of GABA, its isomers a-aminobutyric acid (AABA) and a-aminoisobutyric acid 
(AIB), or of another 4-carbon amino acid, threonine. They preferred solutions of threonine and AABA starting at concen- 
trations of about 30 mM; preference for threonine declined when its concentration was 330 mM or above. Rats never 
preferred GABA or AIB, but instead avoided these amino acids when concentrations were approximately 100 mM or 
above. Control rats showed strong preferences for drinking from a given location. Limited studies with humans showed 
variations in the concentrations at which they could detect GABA; the mean was about 0.06 mM, a concentration far below 
that at which rats began to avoid this amino acid. The ability of dietary GABA to depress food intake of rats (as shown in 


earlier studies) does not seem related to a uniquely high sensitivity to its gustatory qualities. 


Amino acids Choice Drinking GABA 


Humans Rats 


Taste Threonine 





FOR some time we have been studying the effects of amino 
acid composition of the diet on food intake and choice. Dur- 
ing these studies we unexpectedly found that addition of 
GABA to a low protein diet effectively reduced food intake 
and growth of young rats [16]. Depressions of food intake 
induced by adding to the diet certain other small neutral 
amino acids, such as serine, alanine and a-amino-n-butyric 
acid (AABA), could be prevented by increasing the 
threonine content of the diet [11,12]. These results are be- 
lieved to be related to the fact that serine, alanine and AABA 
are effective competitors of threonine transport across the 
blood-brain barrier or into brain slices [6,10]. However, the 
effect of GABA on food intake was not prevenied by a di- 
etary threonine supplement, nor is GABA a competitor for 
threonine transport into brain slices [10]. Its mechanism of 
action in reducing food intake and growth is uncertain. 
When olfactory bulbectomized rats were offered a choice 
between a GABA-containing and a low protein control diet, 
they avoided the GABA diet [14]. However, bulbectomized 
rats gradually increased their consumption of the GABA diet 
over that of intact or sham-operated control rats. These re- 
sults indicate that the odor/taste of GABA is not the primary 
factor in causing rats to avoid diets containing this amino 
acid. It is possible that intact rats can associate some initially 
disturbing effect of dietary GABA with its odor/taste and 





thereafter avoid the diet partly on the basis of these sensory 
cues. 

Rats will select between water and aqueous solutions of 
amino acids; the concentrations at which preferences occur 
vary greatly, depending on the amino acid being tested [7]. 
Several experiments have been performed to determine 
threshold values for amino acid detection by humans [8]. 
Pritchard and Scott [7] have compared their results on rats 
with those obtained by others with humans, but the response 
to GABA or its isomers was not examined in these studies. 
Because of the pronounced deleterious effect of GABA on 
food intake by rats, we wished to determine if this amino 
acid had an unusual threshold for preference or detection by 
rats or humans. We have, therefore, determined the concen- 
trations at which rats prefer or avoid solutions of GABA or 
its isomers, AABA and a-aminoisobutyric acid (AIB). We 
have also carried out limited studies on the responses of 
humans to these amino acids. In order to obtain information 
which might provide some connection between our studies 
and the earlier work with rats and humans, we also examined 
responses to the 4-carbon amino acid, threonine, which has 
been used in previous studies [7,8]. 


METHOD 


In the first experiment 5 groups of adult male rats of the 
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FIG. 1. Selection by rats between bottles containing water and amino acid solutions at the indicated concentrations. The 
line at 50% represents the theoretical water intake (e.g., the control water/water group) which assumes intake is equally 
divided between the 2 bottles. Actual intakes were 49.4% and 50.6% of the total volume (mean of 910 values). Results of the 
repeated experiment with AABA are shown by the dashed line (actual intakes by the control water/water group were 50.0% 
and 50.0%, respectively, of the total volume; mean of 672 values). Results show the volume of amino acid solution 
consumed, expressed as percent of the total intake. Symbols show concentrations at which intakes of amino acid solution 
were significantly different from the volume of water chosen by the control group (p<0.05). 


Sprague-Dawley strain (7 rats per group, 3 months old and 
initially weighing 302+2 g) were fed a stock diet ad lib and 
were offered choices between water and solutions of 
L-threonine or the various isomers of GABA to determine 
which concentrations they preferred or avoided. The proce- 
dure was that of Pritchard and Scott [7] in which each rat had 
access for 24 hr to 2 bottles, one containing distilled water 
and the other a solution in distilled water of the appropriate 
amino acid. The control rats received water in both bottles, 
with one being labeled as the ‘‘experimental’’ bottle. Tests 
were run for 6 days after which the concentrations of the 
amino acids were increased and the test repeated. Thus, for 
each concentration of an amino acid the results represent 42 
selections. In order to avoid influence from preferences by 
rats for drinking from bottles at a particular position, the 
bottles containing the amino acids or the ‘‘experimental”’ 
water were placed an equal number of times during each test 
in each of the two possible positions on the cages (not neces- 
sarily in alternating sequence). Fresh solutions (room tem- 
perature) were prepared daily, either by diluting pre- 
measured, frozen concentrated solutions, or by dissolving an 
appropriate weight of the crystalline amino acid in water. 


Daily intakes were determined by weighing the bottles at the 
beginning and end of each 24 hr period; corrections for minor 
losses due to any dripping and evaporation were made after 
weighing similar bottles which were not accessible to the 
rats. Bottles were washed daily. The study was repeated 
(except with threonine) in a new test in which the concentra- 
tion of each amino acid was doubled after every 6-day inter- 
val (7 rats per group). 

In the second experiment a limited test was carried out 
with humans in order to determine (1) the concentration at 
which each of the amino acids used in the rat studies was 
detectable, and (2) the taste characteristics of each amino 
acid in crystalline form. The subjects were 5 members of the 
laboratory (3 females and 2 males with ages ranging from 24 
to 61 years). One subject was a smoker; however, unless 
otherwise indicated, his responses did not differ from those 
of the other subjects. The experiments were carried out as 
described by Schiffman et al. [8]. Briefly, the subject, wear- 
ing a nose plug, rinsed his/her mouth with distilled water 
before tasting each of a set of 3 samples (10 ml each). Each 
set included 2 cups of distilled water and 1 cup of the amino 
acid solution being tested. After 3 min the trial was repeated 
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with double the concentration of the same amino acid. The 
test was concluded when each subject chose correctly for at 
least 3 consecutive sample sets. All solutions were at room 
temperature. Eleven and 15 concentrations were used for 
threonine and for the GABA isomers, respectively. The sub- 
jects indicated on a score card which of the 3 cups (identified 
by letter) contained the amino acid. The tests were adminis- 
tered by 2 members of the laboratory who did not otherwise 
participate in the experiments. The subjects were unaware of 
which amino acid was presented to them. 

In the test of sensory qualities of the amino acids each 
subject, wearing the nose plug, was given a portion of the 
unknown, crystalline amino acid to taste and describe by 
listing the accompanying sensations. 


Statistical Analysis 


Duncan’s multiple range test was performed using SAS 
computer programs [4] in order to identify the concentra- 
tions of amino acids at which selections by the rats differed 
from those of water. A further statistical test was performed 
to determine whether the control rats had a position prefer- 
ence or drank at random from the two water bottles. Because 
of the repetitive nature of the study it was possible that suc- 
ceeding measurements were not independent. Therefore, a 
time series analysis was performed in which the autocorrela- 
tion and partial autocorrelation functions (indicators of the 
amount of dependence of the measurements) were computed 
for each control rat. Where no significant values were found, 
the analysis proceeded as if the measurements were inde- 
pendent. If significant values were obtained, a model was 
developed which adjusted the mean+S.E. for the non- 
independence [1]. These values, transformed where neces- 


sary, were then used in the test for position preference (sign 
tests). The results from seventeen 6-day periods were in- 
cluded (a total of 102 observations for each of 7 rats). 


RESULTS 
Rat Studies 


The animals showed a significant preference for threonine 
at a concentration of 33 mM (Fig. 1). They selected increas- 
ing proportions of their total fluid intake from the threonine 
solution as the concentration was increased to 100 mM, but 
at higher concentrations their preference for threonine de- 
clined. In the initial test the first significant preference for 
AABA was also observed with a concentration of 33 mM, 
and at a concentration of 100 mM rats chose 85% of their 
total intake from this amino acid solution. In the second test, 
which was extended to include concentrations above 100 
mM, the rats first showed a significant preference for AABA 
at 24.5 mM. These rats selected an average of 73% and 78%, 
respectively, of their total intakes from the 98 mM and 196 
mM AABA solutions; at the latter concentration 5 of the 7 
rats chose at least 85% of their intake from the AABA solu- 
tion. When the concentration of AABA was again doubled (4 
day test) the rats chose overall statistically equal amounts 
from the water and AABA solution; however, only 2 of the 
rats chose amounts of less than 50% of their intake from 
AABA. 

The rats demonstrated no significant preference for 
GABA or AIB. In the first test the rats clearly began to 
choose water when AIB and GABA concentrations reached 
330 and 100 mM, respectively. At AIB and GABA concen- 
trations of 580 and 330 mM, respectively, the rats drank only 
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2 and 8% of their total intake from the amino acid solution. A 
similar pattern of a developing strong aversion, without any 
preference for the lower concentrations of these amino 
acids, was observed when the test was repeated with step- 
wise, 2-fold increases in concentration (not shown). 

It was apparent that, at concentrations of the amino acids 
below which preferences were not displayed, the rats often 
tended to have a position preference. This was documented 
more convincingly by the fact that every control rat 
(water/water choice) showed a statistically significant pref- 
erence (p<0.05) for drinking at a given position rather than 
choosing from the bottles randomly. The statistical analysis 
showed that if each rat had chosen one of the bottle positions 
more than 61/102 times, there would have been evidence of 
position preference at p<0.05. The actual choices were 
96/102, 92/102, 83/102, 76/102, 75/102, 70/102, and 65/102. 

At the conclusion of the tests summarized in Fig. 1., all 
rats except for the water/water controls were allowed to 
choose between water and a solution of sodium saccharin 
(0.1%), a sweet fluid normally preferred by rats. Within 2 
days the rats previously selecting between water and 
threonine, AABA or GABA clearly preferred the saccharin 
solution (82-95% of their total fluid intake was saccharin). 
However, rats previously exposed to AIB did not show this 
strong preference for saccharin and even during days 3-6 
selected less than 70% of their intake from the saccharin 
solution. A further experiment was then conducted to see if 
the addition of saccharin to a solution of GABA would alter 
the avoidance by the rats of the amino acid solution alone. 
During a 4-day period, intake of GABA (330 mM) again was 
markedly reduced to 4.4% of the total volume, despite the 
presence of saccharin. Rats choosing between water and an 
acceptable concentration of AIB (100 mM) containing sac- 
charin failed to show the preference demonstrated for sac- 
charin alone; they instead selected about 38% of their total 
intake from the AIB + saccharin mixture. 


Human Studies 


Our limited study showed that the concentrations ranged 
widely at which the different 4-carbon amino acids were 
identified by the subjects. The lowest concentrations at 
which the different amino acid solutions began to be consis- 
tently identified were 32+0 mM for threonine; 13.6+5.0 mM 
for AABA; 4.0+1.3 mM for AIB; and 0.06+0.05 mM for 
GABA. The subject who smoked showed reduced sensitivity 
to AABA and AIB so that, for the remaining 4 subjects, 
threshold concentrations for these amino acids were 9.0+2.5 
and 3.0+1.0 mM, respectively. Thus, on the average the 
sensitivity of the subjects in detecting GABA was about 500 
times that for threonine, but sensitivities to threonine, 
AABA and AIB did not differ by more than about 10-fold. 

Difficulty was encountered in identifying GABA; the 
problem may be related to sensory adaptation to the amino 
acid or to a subtle and subconscious lingering effect which 
was not prevented by rinsing and which confused subse- 
quent decisions as to the presence or absence of GABA in a 
sample. For example, one subject selected correctly at 
0.0078 mM and at the following 5 concentrations, but failed 
at 0.125, 2 and 64 mM. Two other subjects also selected 
correctly at 0.0078 mM and at all but one of the following 
14 concentrations. However, the remaining 2 subjects did 
not indentify GABA until the concentration reached about 
0.3 mM, and one of these made errors at most of the con- 
centrations above 4 mM (after 6 correct choices). In a later 
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test, 2 of the subjects were tested for their ability to dis- 
tinguish between GABA and water with 5 minute intervals 
between each succeeding concentration. Both could iden- 
tify GABA at 0.0039 mM, although one of these subjects 
had previously not detected GABA until the concentration 
reached 0.25 mM. However, one failed at 1 mM after 8 cor- 
rect choices, and the other erred at 0.0625 mM after 4 correct 
choices, and again at 0.125 and 2 mM. Consistent identifica- 
tion may require even longer intervals between succeeding 
choices. As the tests of the ability of humans to detect the 
presence of the different amino acids in solution were con- 
ducted in an identical manner, inconsistencies in the detec- 
tion of GABA were unique for that amino acid. 

Threonine was found to have a sweetish citrus flavor by 
5/5 of the subjects; 3/5 of the subjects described AABA as 
sweetish and 3/5 as bitter, while 2/4 (not including the 
smoker) found it fruity/citrusy, and 3/5, unpleasant. AIB was 
sweet to every subject and also refreshing (3/5) and mild 
(3/5). GABA was unique in that, except for the smoker, all 
subjects reported an extremely rapid sequence of sensations 
within seconds as well as an initially strong prickly, tingly, 
hot pepper or lemon sensation. This was followed by a 
sweetish (3/4), bitter (3/5) or acute or sharp (4/5) taste. 
Only 2/5 of the subjects specifically mentioned an aftertaste 
for GABA. For each amino acid other characteristics were 
mentioned by only 1 or 2 subjects and have not been in- 
cluded in this description. 


DISCUSSION 


These studies show that the behavioral responses of rats 
to solutions of several 4-carbon amino acids of similar or 
identical molecular weights are distinctly different. The con- 


centration at which rats began to show a preference for 
threonine was the same as that reported by Pritchard and 
Scott [7]. The rats selected the AABA solution rather than 
water, but avoided its isomers, GABA and AIB, although 
not until their concentrations were about 3-and 10-fold, re- 
spectively, the concentration of AABA or threonine. The 
concentration at which threonine was detected by humans 
also resembled that reported previously [8] and did not differ 
markedly from the detectable concentrations of AABA and 
AIB. Humans were generally far more sensitive to GABA 
than were the rats (as much as 25,000-fold in one test), al- 
though it is uncertain if the concentrations for detection and 
preference/avoidance by rats and humans are similar; hu- 
mans appeared to be about 80 times more sensitive than rats 
to AIB. These observations are in contrast to those showing 
that the concentrations at which rats demonstrate prefer- 
ence/avoidance of most amino acids appears to be generally 
lower than the concentration detectable by humans [7]. 

The rats did not clearly avoid the relatively high concen- 
trations of threonine (330 or 580 mM), whereas similar levels 
of AIB and GABA were unacceptable; the implication is that 
osmotic factors were not solely responsible for determining 
selection by the rats, as may occur for certain carbohydrates 
[9]. 

It is probable that position preferences also occurred 
among rats in the experimental groups (as shown for every 
control rat); however, this factor was no doubt unimportant 
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in determining selection when one of the bottles contained an 
appropriate concentration of an amino acid. 

Rats generally prefer sweet substances and will drink 
large volumes of saccharin solutions (about 2-fold their nor- 
mal fluid intake in this study). Despite this fact, they never 
chose AIB, an amino acid which appeared sweeter to hu- 
mans than AABA or threonine, both of which the rats pre- 
ferred at certain concentrations. However, AIB is a non- 
metabolizable amino acid which increases urinary excretion 
of amino acids and disturbs tissue amino acid patterns [2]. 
Thus, the rats may have associated some undefined malaise 
with consumption of this amino acid. The results with sac- 
charin suggest that the rats could not distinguish between the 
two sweet agents or that they associated sweetness with 
some undesirable characteristic of the AIB. Although they 
no longer actively avoided the sweet solution when saccha- 
rin was substituted for AIB, they also did not have the strong 
preference for saccharin shown by rats not exposed to AIB. 
However, they obviously could detect the differences be- 
tween these sweet solutions because their intake of the mix- 
ture of 100 mM AIB and saccharin decreased to less than 
50% of their total fluid intake. 

The failure of saccharin to disguise the presence of GABA 
is consistent with our earlier observation that rats continue 
to avoid dietary GABA, even when it is fed along with a 
palatable food such as sweetened condensed milk [13]. The 
lowest concentration at which rats clearly avoided drinking a 
solution of GABA (100 mM) was only slightly below the 
dietary level at which they generally select more of a control 
diet than of one containing 1.5% (146 mM) GABA [15]. This 
may be coincidental, as there is obviously no simple rela- 
tionship between concentration of an amino acid in a diet and 
acceptance of that diet. For example, rats refusing a given 
diet containing 4.5% of a small neutral amino acid such as 
serine or AABA (430 and 440 mM, respectively) will accept a 
diet containing the same concentration of either of these 
amino acids, differing only in the addition of 0.4% of 
threonine [11]. Solutions of the amino acids at these concen- 
trations would be distinctly hypertonic. Furthermore, diets 
containing 4.5% GABA (440 mM) are consumed by rats 
housed in a cold environment, or if the diet contains a high 
level of protein or is diluted with cellulose [13]. 

The results of these studies imply that rats have no unique 
sensitivity to GABA when given as an aqueous solution. 
GABA is not believed to pass the blood-brain barrier [6], but 
it is possible that dietary GABA affects food intake by hav- 
ing undesirable gastrointestinal or other effects which cause 
the animal to feel ill. Studies in vitro have shown that GABA 
receptors and transport sites are found in the gut, and that 
blocking of the receptors can affect motility [5]. GABA can 
also modify the release of somatostatin and gastrin from 
preparations of rat antral mucosa [3]. 
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REIDINGER, R. F., JR. AND J. R. MASON. Effects of learned flavor avoidance on grooming behavior in rats. 
PHYSIOL BEHAV 37(6) 925-931, 1986.—In Experiment 1, rats were conditioned to avoid saccharin in tapwater by pairing 
it with LiCl in carboxymethylcellulose (CMC) applied to the fur. Conditioned flavor avoidance (CFA) of saccharin was then 
assessed in drinking and grooming tests. In Experiment 2, rats were given saccharin CMC on their fur and NaCl in water (or 
vice-versa) as conditioned stimuli in a CFA paradigm. Two-choice tests (saccharin vs. NaCl) followed in drinking and 
grooming contexts. In Experiment 3, rats were given saccharin CMC on one flank and vehicle (CMC only) on the other. 
After grooming, animals were injected with LiCl and then given 2-choice tests, first between saccharin and water, then 
between saccharin-CMC and plain-CMC, and finally, between saccharin and water. Strong CFA was exhibited in drinking 
tests in all 3 experiments. This was not the case in grooming tests. Rats continued to groom when tastant was applied to 
only one flank (Experiment 1), and exhibited only weak CFA when a different tastant was applied to each flank (Experi- 
ments 2 and 3). We conclude that grooming can be directed to minimize the ingestion of noxious substances, but that such 
ingestion is not sufficiently reduced to affect the efficacy of grooming as a delivery method for unpalatable substances (e.g., 
rodenticides, chemosterilants). We speculate that grooming represents a weakness in rodents’ defenses against dietary 


poisoning, and that it might be used to deliver toxicants as part of crop protection schemes that make use of CFA. 


Grooming Taste Food aversion learning Rats 


Rodent control 





‘*‘BAIT-SHYNESS” (defined here as the avoidance of a bait 
formulation following sublethal poisoning) is associated with 
the use of some rodenticides and chemosterilants. To cir- 
cumvent this problem, we have probed for weaknesses in 
rodents’ defenses against dietary poisoning [25]. Our investi- 
gations (e.g., [23]) have focused on conditioned flavor 
avoidance (CFA), since it appears particularly well-suited 
for protecting rodents during feeding and drinking. How- 
ever, CFAs may be less well-adapted for protection during 
other activities such as grooming, nest-building, and gnaw- 
ing, in which ingestion is concommitant, but minor. We have 
chosen to study grooming because it occurs frequently in the 
daily behavioral regime of rodents [5], and has been de- 
scribed as relatively stereotyped [5, 6, 8]. 

Already, evidence indicates that CFA is suppressed dur- 
ing autogrooming by pine voles (Microtus pinetorum, 
[14,21]). Such suppression is robust, and occurs when the 
material is applied to both flanks or to only one flank [21]. 
Conditioned flavor avoidance is expressed readily in drink- 
ing tests however, suggesting that the essentially unlearned 
behavior of grooming [5] is more persistent than the learned 
behavior of CFA [15]. Like voles, rats (Rattus norvegicus) 
can acquire CFA through pairings of flavor autogroomed 
from the fur and post-ingestional malaise [26]. CFAs are ex- 
pressed subsequently in drinking tests. Whether rats con- 





tinue to groom conditioned stimuli from the fur in the pres- 
ence of CFA, however, has not been well-explored. Also 
largely uninvestigated is whether rats will ingest distinctively 
flavored ‘poison’ from the fur while grooming, and whe*her 
they will associate the groomed flavor or a flavor consumed 
in another context (e.g., drinking) with malaise. The present 
series of experiments were designed to address these ques- 
tions. 

In Experiment 1, rats were conditioned to avoid drinking 
saccharin by pairing it with an application of lithium chloride 
(LiCl) in carboxymethylcellulose (CMC) to the fur. Saccha- 
rin avoidance was then assessed in 2-bottle drinking tests 
(saccharin vs. tapwater), and in the grooming of saccharin- 
CMC from the fur. A major component of grooming (i.e., 
body washes [5,6]) was recorded to determine if the animals 
would shift grooming topographies to mimimize ingestion of 
saccharin-CMC. In addition, the concentration of LiCl 
applied to the fur on the day of conditioning was varied 
parametrically in an attempt to produce CFAs of various 
strengths [1]. 

In Experiment 2, rats were given injections of LiCl fol- 
lowing exposure to saccharin-CMC on the fur (grooming) 
and sodium chloride (NaCl) in tapwater (drinking) or NaCl- 
CMC on the fur (grooming) and saccharin in tapwater (drink- 
ing). Preference tests were then conducted in both drinking 


‘Requests for reprints should be addressed to Dr. J. Russell Mason, Monell Chemical Senses Center, 3500 Market Street, Philadelphia, PA 
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(saccharin vs. NaCl) and grooming (saccharin-CMC vs. 
NaCl-CMC) contexts. Such tests provided opportunities (a) 
to observe the effects of CFA on grooming, and (b) to assess 
the effects of conditioning context (drinking, grooming) on 
CFA expression. 

In Experiment 3, rats were given saccharin-CMC on one 
flank and CMC alone on the other, and then LiCl or sham 
injections. Subsequently, all groups were given 2-bottle tests 
between saccharin and tapwater, then 2-choice grooming 
tests between saccharin-CMC and CMC alone, and finally, 
additional 2-bottle tests between saccharin and tapwater. 
This paradigm provided additional information about 
flavor-directed grooming, and an assessment of changes in 
CFA expression in drinking as a function of flavor exposure 
during interposed grooming trials. 


GENERAL METHOD 
Subjects 


Naive adult male rats (Sprague-Dawley strain) were indi- 
vidually housed (cage dimensions: 17.7x24.2x17.7 cm) ina 
room with an ambient temperature of 20+4°C, and a 12:12 
L/D cycle. All animals were given free access to food (Purina 
Lab Blox) and water for 2 weeks prior to the beginning of 
experiments. 


Materials 


Unless otherwise specified, the following stimuli were 
used: 0.0083 M sodium saccharin solution (0.20% w/v in tapwa- 
ter); 0.15 M NaCl solution (0.88% w/v in tapwater); plain car- 
boxymethylcellulose (CMC, 3.55% w/v in tapwater); 0.014 M 
saccharin-CMC (0.35% w/v saccharin); 0.26 M NaCl-CMC 
(1.54% wiv NaCl); 0.46 M LiCl-CMC (2.0% w/v LiCl); 1.15 M 
LiCl-CMC (5.0% w/v LiCl); and 2.31 M LiCl-CMC (10.0% w/v 
LiCl). Greater concentrations of saccharin and NaCl were 
mixed in CMC than in tapwater, since previous experiments 
with human subjects suggested the possibility of tastant 
masking by the gelatinous CMC [7,23]. Fluids were pre- 
sented in 10-ml syringe-sipper tubes [27] on conditioning 
days and in 135-ml calibrated Richter tubes during 2-bottle 
drinking tests. Spouts of the drinking tubes were separated 
by about 10-cm when attached in pairs to the fronts of cages. 


Procedure 


The same adaptation regime was used before each exper- 
iment. On each of the 4 days immediately prior to treatment, 
each rat was water-deprived for 20 hr (1200-0800 hr), fol- 
lowed by free access to water presented in 2 drinking tubes 
for 1 hr. The drinking tubes were then removed, and access 
to water was followed by an application of 1 g of plain CMC 
to the left or right flank. After 30-min, the rats were given 
free access to water presented in 1 drinking tube for 2.5 hr. 


Analyses 


Consumption during 2-bottle tests, and the frequency and 
duration of grooming were assessed by analysis of variance 
(ANOVA). Bonferroni post-hoc t-tests [4,13] subsequently 
were used to isolate significant differences among means. 
Also, in Experiments 1 and 2, regression analyses [19] were 
performed to detect relationships between saccharin con- 
sumption and either the frequency or duration of grooming. 
However, these regression analyses failed to detect any sig- 
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FIG. 1. Saccharin versus tapwater consumption exhibited in Exper- 
iment | 2-bottle tests. Because the interval between 2-bottle tests 
and grooming had no significant effect, appropriate groups have 
been combined. Capped vertical bars represent standard errors of 
the means. 
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nificant relationships, and their results are not discussed be- 
low. 


EXPERIMENT | 


METHOD 


Procedure 


Twenty-four rats (402-518 g) were randomly assigned to 8 
groups (n=3/gp). On 2 successive conditioning days, rats 
were given I-hr 2-bottle preference tests between 0.0083 M 
sodium saccharin and tapwater. Thirty (groups 0-30, 0.46-30, 
1.15-30, 2.31-30) or 90 (groups 0-90, 0.46-90, 1. 15-90, 2.31-90) 
minutes after these 2-bottle tests, plain CMC or CMC con- 
taining various concentrations of LiCl were applied to the 
left flank of each animal. Plain CMC was applied to animals 
in the control groups (0-30, 0-90); 0.46 M, 1.15 M or 2.31 M 
LiCI-CMC was applied to animals in Groups 0.46-30 and 
0.46-90, 1.15-30 and 1.15-90, and 2.31-30 and 2.31-90, re- 
spectively. For practical reasons, animals were not observed 
(see below) to assess whether grooming of LiCl-CMC was 
followed by symptoms of gastrointestinal malaise. On day 3, 
all groups were given a 2-bottle test between tapwater and 
0.0083 M saccharin solution, without subsequent exposure 
to LiCl-CMC. 

Individual grooming tests were conducted over the next 
12 days (days 4-15, 2 rats/day). In these tests, rats were first 
given a 1-hr 2-bottle preference test between 0.0083 M sac- 
charin solution and tapwater. Then they were placed in a 
viewing chamber for a 10-min period of adaptation. Follow- 
ing adaptation, 1.5 g of 0.014 M saccharin-CMC was applied 
to the left flank of each animal, and grooming was observed 
and recorded for 50 min. 

In this and subsequent experiments, viewing was accom- 
plished using a television camera and a remote videomonitor 
[26]. The order in which the rats were tested, and the right or 
left location of saccharin solution in 2-bottle tests were de- 
termined randomly. 


Analysis 


A 4-way ANOVA with repeated measures on 2 factors 
was used to assess consumption during 2-bottle tests. The 
independent factors were interstimulus interval (2 levels: 30 
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FIG. 2. Saccharin versus NaCl consumption exhibited in Experi- 
ment 2 2-bottle tests. Capped vertical bars represent standard errors 
of the means. 


min, 90 min) and LiCl concentration in CMC (4 levels: 0.0, 
0.46 M, 1.15 M, 2.31 M). The repeated factors were 2-bottle 
tests (3 levels) and stimuli (saccharin vs. tapwater). Two 
2-way ANOVAs were used to assess the frequency and du- 
ration of grooming. The factors in these analyses were in- 
terstimulus interval (2 levels) and LiCl concentrations in 
CMC (4 levels). Two l-way ANOVAs were used to assess 
the frequency and duration of grooming, per se (i.e., regard- 
less of interstimulus interval or LiCl-concentration), among 
days. 


RESULTS 
Two-Bottle Tests 


There were significant differences between consumption 
of saccharin and water in 2-bottle tests, F(1,16)=10.7, 
p<0.01. Also, there were significant 2-way interactions be- 
tween drinking tests and saccharin versus tapwater, 
F(2,32)=6.21, p<0.01, and LiCl concentration and saccharin 
versus tapwater, F(6,32)=5.1, p<0.01. There were no other 
significant effects (ps>0.10). 

Post-hoc analyses revealed that all groups except 0-30 and 
0-90 preferred tapwater to saccharin (ps<0.05). However, 
such preferences were exhibited only during the second and 
third preference tests (ps<0.05). During the 2-bottle test 
prior to the first application of LiCl-CMC, all groups exhib- 
ited equivalent consumption of saccharin and tapwater. 
These data are displayed in Fig. 1. Because the interval be- 
tween 2-bottle tests and grooming was not significant (see 
below), appropriate groups have been combined. 


Grooming Tests 


Analyses of the frequency and duration of grooming failed 
to reveal any significant differences between interstimulus 
interval or LiCl concentrations applied to the fur (ps>0.10). 
There were no significant differences in the frequency or 


duration of grooming, per se, 
(ps>0.25). 


exhibited across days 


DISCUSSION 


Rats exhibited avoidance of saccharin solution when 
2-bottle preference tests were followed 30 or 90 min later by 
LiCI-CMC applied to the fur. While there were no significant 
effects of LiCl concentration, we inferred that avoidance 
was an expression of CFA for 2 reasons. First, animals 
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experienced the flavor of saccharin on 3 occasions, and thus 
neophobia [10] should have been minimized [11], although, 
perhaps, not eliminated. Second, avoidance was expressed 
only after application of CMC containing LiCl to the fur. On 
the first conditioning day (prior to any LiCl application) all 
groups exhibited equivalent consumption of saccharin and 
tapwater. Control groups (0-30, 0-90) exhibited equivalent 
consumption of saccharin and tapwater during all 3 2-bottle 
tests. Given that the ‘‘salty’’ taste of LiCl groomed from the 
fur was more closely associated with induced malaise than 
the ‘‘sweet’’ taste of saccharin, our results are consistent 
with the possibility that the taste of saccharin overshadowed 
[18] that of LiCl. 

Opposite to the results obtained in drinking tests, we 
found that all groups groomed saccharin-CMC from their fur. 
There were no differences among groups either in the fre- 
quency or duration of body washes, and there was no rela- 
tionship between grooming and CFA expressed in drinking. 
Unfortunately, no data were collected to indicate whether 
any of the LiCI-CMC groups exhibited relatively more 
grooming of the unsmeared flank than the flank to which 
saccharin-CMC had been applied. Nonetheless, the lack of 
effects probably does not reflect an inability to perceive 
0.014 M saccharin in CMC. We have reported previously 
that rats given 0.014 M saccharin-CMC on their fur followed 
by an IP injection of 0.15 M LiCl exhibit strong CFAs in 
subsequent 2-bottle tests [26]. As with pine voles [21], it may 
be that exposure to the conditioned flavor stresses rats, and 
that stress, in turn, promotes grooming [9, 16, 21, 25]. Alter- 
natively, differences between the conditioning context and 
test settings in the present experiment may have affected 
expression of CFA, especially if LiCl-CMC applied to the fur 
had produced only slight malaise (i.e., weak CFA). Archer et 
al. [2,3] have demonstrated that expression of CFA for sac- 
charin is dependent on similarities between conditioning and 
testing. Specifically, the greater the dissimilarity between 
these settings, the weaker the expressed CFA. Applied to 
the present context, these findings imply that CFA expres- 
sion is predictable in drinking (the conditioning context), but 
not in grooming, in which ingestion of the conditioned 
stimulus is concomitant but minor. 


EXPERIMENT 2 


In Experiment 1, rats were presented with 2-choice groom- 
ing tests in the sense that saccharin was applied only to the 
left flank of each animal. As noted above, LiCI-CMC rats 
may have exhibited relatively more grooming of the un- 
smeared than the smeared flank, although these data were 
not recorded. Experiment 2 was designed to provide explicit 
2-choice grooming tests, in which the left and right flank of 
each animal were smeared with different stimuli. We rea- 
soned that the 2-choice context might be more sensitive to 
expression of CFA, since CFA in drinking is more readily 
detected in 2-choice tests [12]. Rats were given injections of 
0.15 M LiCl following exposure to 0.014 M saccharin CMC 
on the fur (grooming) and 0.15 M sodium chloride (NaCl) in 
tapwater (drinking), or 0.26 M NaCI-CMC on the fur (groom- 
ing) and 0.0083 M saccharin in tapwater (drinking). CFA was 
then assessed in both drinking (saccharin vs. NaCl) and groom- 
ing (saccharin-CMC vs. NaCl-CMC) tests. In addition to the 
opportunity to observe the effects of CFA on grooming in 
explicit 2-choice tests, Experiment 2 permitted opportunities 
(a) to assess the importance of conditioning context (drink- 
ing, grooming) on CFA expression, and (b) to determine 
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whether overshadowing occurred when flavors were con- 
founded in drinking and grooming contexts. 


METHOD 


Eighteen rats (210— 270 g) were randomly assigned to 2 
groups (Sacc-NaCl; NaCl-Sacc; n=9/gp). On the day of con- 
ditioning, animals in Group Sacc-NaCl were given 2-ml of 
0.0083 M saccharin solution to drink, and 1 hr later, 2 g of 
0.26 M NaClI-CMC was applied to their left (n=5) or right 
(n=4) flanks. Grooming was permitted for 60 min, and then 
each rat was given an intraperitoneal (IP) injection of 0.15 M 
LiCl (100 mg/kg body weight). Group NaCl-Sacc rats were 
treated similarly, except that 0.15 M NaCl was presented in 
solution, while 0.014 M saccharin was presented in CMC. 
Two days later, CFA was assessed in 1-hr 2-bottle tests 
between 0.0083 M saccharin and 0.15 M NaCl. 

One week later, rats were randomly selected (3 
animals/day for 6 days) and placed in the viewing cage. After 
10 min, one flank of each animal was smeared with 2 g of 
0.014 M saccharin-CMC; 2 g of 0.26 M NaCl-CMC was 
applied to the other. Saccharin-CMC and NaCI-CMC appli- 
cations were counterbalanced (left vs. right flank) across 
animals. The frequency and duration of body washes were 
then recorded for 50 min. 


Analysis 


A 2-way ANOVA with repeated measures on the second 
factor (stimuli: saccharin vs. NaCl) was used to assess drink- 
ing test results. Likewise, 2-way ANOVAs with repeated 
measures on the second factor (stimuli: saccharin-CMC vs. 
NaCl-CMC) were used to assess the frequency and duration 
of body washes. 


RESULTS 
Two-Bottle Tests 


There was a significant difference between consumption 
of saccharin and NaCl, F(1,16)=8.0, p<0.01. Otherwise, 
there were no significant effects (ps>0.10). Examination of 
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the data revealed that both groups consumed more NaCl 
than saccharin (Fig. 2). 


Grooming Tests 


Group NaCl-Sacc groomed more frequently than Group 
Sacc-NaCl, F(1,16)=4.2, p<0.05, although there was no in- 
teraction between groups and flavor-CMC stimuli (p>0.10). 
When grooming bout durations were examined, there were 
significant between groups differences, F(1,16)=10.1, 
p<0.006, and significant differences between saccharin- 
CMC and NaCI-CMC, F(1,16)=5.0, p<0.04. The 2-way in- 
teraction was not significant (p>0.10). Examination of the 
data revealed that Group Sacc-NaCl groomed for longer 
periods than Group NaCl-Sacc and that both groups exhib- 
ited longer grooming bouts directed at NaCl-CMC (Fig. 3). 


DISCUSSION 


Both groups avoided saccharin in 2-bottle tests, regard- 
less of whether saccharin in drinking was followed by NaCl- 
CMC (Group Sacc-NaCl), or vice-versa (Group NaCl-Sacc). 
This result can be interpreted to reflect the relatively greater 
salience of saccharin as a stimulus. It can also be taken as 
consistent with previous reports that, when saccharin and 
NaCl are confounded in CFA, the flavor of NaCl is over- 
shadowed [18]. We do not believe that the failure of Group 
NaCl-Sace to exhibit NaCl CFA reflects a failure in 
avoidance acquisition. Rats will form CFAs toward NaCl 
when this tastant is presented in tapwater or in CMC on the 
day of conditioning [26]. 

That there were no differences in avoidance of saccharin 
between groups in the 2-bottle test is somewhat striking, 
insofar as Group Sacc-NaCl received saccharin in tapwater 
on the day of conditioning, while Group NaCl-Sacc received 
saccharin applied to the fur. Archer et al. [2] has reported 
that differences between conditioning and testing strongly 
influence expression of CFA. One plausible explanation for 
this discrepancy between Archer et al. [2] and the present 
study is that the former investigators evaluated the impor- 
tance of exteroceptive cues (e.g., cage dimensions, bottle 
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type), while the present study assessed changes in the mode 
of ingestion (drinking vs. grooming). 

The results of grooming tests suggest that CFAs can be 
expressed when animals are presented with 2 flavors on their 
fur. However, such expression is relatively weak, in that (a) 
grooming of the conditioned stimulus is merely reduced and 
not abolished, and (b) CFA is reflected only in bout dura- 
tions but not frequencies. In addition, overall grooming by 
Groups NaCl-Sacc and Sacc-NaCl was similar (i.e., the 
former animals groomed more frequently, but the latter 
groomed for longer durations). These observations support 
our conclusion in Experiment | that grooming behavior is 
not easily modified by CFA. As such, grooming may repre- 
sent an important, exploitable weakness in rodents’ defenses 
against dietary poisoning. 


EXPERIMENT 3 


Experiment 3 was performed to assess whether rats 
would express saccharin CFAs in 2-choice grooming tests 
between saccharin-CMC and plain-CMC (neutral-tasting to 
humans, [26], personal observation). Our aim was to deter- 
mine whether the strength of CFA expression in grooming 
was influenced by the quality of the alternative stimulus in 
2-choice tests. Rats were given saccharin-CMC on one flank 
and plain-CMC on the other, followed by LiCl or sham IP 
injections. Subsequently, both groups were given first a 
2-bottle test (0.0083 M saccharin vs. water), then a 2-choice 
grooming test (0.14 M saccharin-CMC vs. plain-CMC), and 
finally, another 2-bottle test (0.0083.M saccharin vs. water). 
In addition to assessments of CFA in grooming, this 
paradigm permitted an evaluation of saccharin CFA in drink- 
ing before and after exposure to saccharin-CMC during 
interposed grooming trials. 


METHOD 


Procedure 


Sixteen adult male Sprague-Dawley rats (200-280 g) were 


assigned to 2 groups (n=8/gp). On the day of conditioning, 
both groups (E, C) were given 0.014 M saccharin-CMC on 
one flank and plain-CMC on the other. Equal numbers of 
animals in both groups were smeared with saccharin-CMC 
on the left and right flanks. After 1 hr, the animals in Group 
E were given IP injections of 0.15 M LiCl (100 mg/kg body 
weight). The animals in Group C were given sham injections 
(i.e., the needle was inserted into the abdomen but with- 
drawn without injection. Following treatment, all animals 
were given water and food ad lib for 2 days. Water depriva- 
tion was reinstated on the second recovery day during the 
last hour of light. 

On the third post-treatment day, both groups were given 
1-hr 2-bottle tests between 0.0083 M saccharin and tapwater. 
Over the next 4 days, all animals were given 50-min 2-choice 
grooming tests (n=4 animals/day) between 0.014 M 
saccharin-CMC and plain-CMC. The order in which animals 
were tested was counterbalanced between groups. On the 
day following the last grooming test, all animals were given 
an additional 1-hr 2-bottle test between 0.0083 M saccharin 
and water. 


Analysis 


A 3-way ANOVA with repeated measures on 2 factors 
was used to assess 2-bottle tests. The independent factor was 
groups (2 levels), while the repeated factors were tests (2 
levels) and stimuli (saccharin vs. water). Grooming was as- 
sessed in a 3-way ANOVA with repeated measures on 2 
factors. The independent factor in this analysis was groups (2 
levels), while the repeated factors were time (5 levels; 
grooming tests partitioned into 10-min blocks) and stimuli 
(saccharin-CMC versus plain-CMC). 


RESULTS 


Two-Bottle Tests 


There was a significant difference between tests, 
F(1,14)=7.0, p<0.02, a significant 2-way interaction be- 
tween groups and stimuli, F(1,14)=10.0, p<0.01, and a sig- 
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nificant 3-way interaction between groups, tests and stimuli, 
F(1,14)=10.8, p<0.01. Post-hoc tests indicated that Group C 
consumed more saccharin than water, while Group E con- 
sumed more water than saccharin (ps<0.05; Fig. 4). Be- 
tween test sessions, both groups exhibited greater consump- 
tion of saccharin during the second 2-bottle test (p<0.05). 


Grooming Tests 


There were significant differences among time blocks in 
both the frequency and duration of grooming, Fs(4,56)=3.1, 
3.2, ps<0.02, respectively. Also, there were significant 
2-way interactions between groups and time blocks, and time 
blocks and stimuli, Fs(4,56)=4.6, 2.8, ps<0.003, 0.04, re- 
spectively. Post-hoc tests indicated that both the frequency 
and duration of grooming peaked during the second 10-min 
block of the grooming trial (p<0.05). Also, during the first 2 
time blocks, Group C groomed more frequently and for 
longer periods than Group E (p<0.05). During the middle 
time blocks (30-min, 40-min), both groups exhibited the same 
amount of grooming, both in terms of time and frequency. 
During the final 10-min period, Group C exhibited more fre- 
quent and longer bouts of grooming (ps<0.05; than Group E. 
Also, during the last two time blocks, Group E exhibited 
relatively longer bouts of grooming directed at the flank 
smeared with plain-CMC (ps<0.05). During all time blocks, 
Group C groomed saccharin-CMC and plain-CMC for 
equivalent durations (Fig. 5). 


DISCUSSION 


Saccharin grooming followed by LiCl injection was suffi- 
cient for acquisition of CFA (later expressed in drinking). In 
addition, exposure to saccharin during interposed grooming 
trials was sufficient for some extinction of CFA (i.e., Group 
E exhibited significantly greater saccharin consumption dur- 
ing the second 2-bottle test). 

Conditioned flavor avoidance also was expressed in 
2-choice grooming tests between saccharin-CMC and 
plain-CMC. We propose that avoidance may have been ex- 
pressed in 2 ways. First, control (C) animals groomed more 
frequently and for longer periods of time than experimental 
(E) animals. Second, Group E exhibited relatively longer 
bouts of grooming toward plain-CMC. It is important to 
note, however, that differential (stimulus-directed) grooming 
was expressed only in terms of bout durations. This result is 
consistent with the results of Experiment 2. Overall, Exper- 
iments 2 and 3 suggest that CFA expression in grooming is 
weak, relative to expression in drinking. 

The findings (a) that grooming peaked during the second 
10-min block, and (b) that differential grooming was exhib- 
ited by the experimental group only during the final 2 time 
blocks, are not readily explained. One hypothesis, however, 
is that the expression of CFA in grooming may have de- 
pended, in part, on the amount of stimuli present on the fur. 
Casual observation suggested that much of the material 
applied to the fur had been consumed during the first 10-min 
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period. Perhaps CFA was exhibited only when a minimal 
amount of the conditioned stimulus remained. Grooming, as 
a stereotypic behavior, may override expression of CFA 
when relatively large quantities of material are present on the 
fur. One obvious test of this possibility would be to 
parametrically vary the amount of stimulus material applied 
to the fur. 


GENERAL DISCUSSION 


The results of the present experiments are consistent with 
a previous study [21], indicating that rodents (i.e., Microtus 
pinetorum) continue to groom in the presence of CFA. Un- 
like voles, however, rats not only perceive the flavor of 
material groomed from the fur, but can exhibit CFA toward 
such flavors in autogrooming when the conditioned stimulus 
and another flavor are smeared on opposite flanks. As such, 
our findings suggest that the topography of at least one com- 
ponent of grooming (i.e., body washes) can be shifted to 
decrease the ingestion of noxious and potentially toxic sub- 
stances. Redirected grooming is unlikely to compromise the 
potential efficacy of this behavior as a means for delivery of 
chemical agents, however, in that (a) rats continue to groom 
conditioned stimuli from their fur when tastant is applied to 
only one flank, and (b) expression of CFA in 2-choice groom- 
ing tests is relatively weak, and directed grooming is ex- 
pressed mainly (if not solely) in terms of bout durations. 
While the strength of CFA expressed in grooming may de- 
pend on the quantity of material applied to the fur (Experi- 
ment 3), we propose that grooming may provide a means of 
delivering control compounds (e.g., rodenticide, chemo- 
sterilant) to rodent pests regardless of the compound’s 
palatability or potential for causing bait-shyness ({17,20]; see 
also [24,26]). 

An additional implication of the present experiments for 
rodent control can be drawn from the observation that sac- 
charin presented in drinking appears to overshadow NaCl 
presented in grooming. In principle, we speculate that over- 
shadowing might be implemented as means of crop protec- 
tion. In the simplest case, rodent pests might acquire CFA to 
a crop if the flavor of the crop overshadows the flavor of a 
toxicant ingested while grooming [26]. To abet CFA acquisi- 
tion, one might treat a crop with a distinctive flavor, or use 
toxicants which are less salient than the crop. One could 
examine the flavor characteristics of toxicants that are 
routinely sprayed on crops via generalization of CFA [22] to 
determine if they might be exploited in this manner. 
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FREEMAN, G. B. AND J. B. THURMOND. Monoamines and effects of chlordiazepoxide on the corticosterone response 
to stress. PHYSIOL BEHAV 37(6) 933-938, 1986.—Administration of chlordiazepoxide (CDP) (5 mg/kg) decreased plasma 
corticosterone (CS) levels of mice exposed to noise stress and increased CS levels in nonstressed mice (20 and 40 mg/kg). 
The increase in CS may be related to an observed decrease in locomotor activity. Quipazine (0.5 mg/kg), a serotonergic 
agonist, failed to alter CS levels in animals without prior drug treatment and attenuated the rise in CS of nonstressed mice. 
These results contradicted a possible serotonergic facilitatory effect on CS regulation. Administration of apomorphine (0.5 
mg/kg) or clonidine (0.1 mg/kg) prevented the significant reduction of CS levels in stressed mice treated with low doses of 
CDP. Apomorphine, alone, increased CS of nonstressed mice to levels approximating those of vehicle-treated stressed 
mice. Thus, a norepinephrine inhibitory effect was not evident and possible dopaminergic involvement in CS response 
regulation was suggested. It seemed likely that the effect of CDP on the hypothalamic-pituitary-adrenal system was 
dependent upon the endocrine state of the animal. Mice exposed to stress and exhibiting higher levels of CS were affected 
differently by CDP treatment than their nonstressed counterparts. 
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EVIDENCE has suggested that psychological factors are 
important in regulating adrenocortical responsiveness to 
relatively mild stress [5, 17, 25]. This has prompted the in- 
vestigation of the effects of psychoactive drugs on the 
hypothalamic-pituitary-adrenal axis. Increases in corticoste- 
rone (CS) levels of rats following placement in a novel en- 
vironment are significantly reduced by diazepam and other 
anxiolytic agents [19]. Stress-evoked increases in CS in rats 
subjected to restraint stress are reduced by pretreatment 
with 5 or 10 mg/kg of diazepam one hour prior to restraint 
[18]. Acute doses of chlordiazepoxide (CDP) inhibit, in a 
dose-dependent fashion, the stress-induced increase in 
plasma CS of sound-stimulated animals [30]. 

The benzodiazepines are considered to act centrally and 
do not have a direct action on the adrenals [18, 19, 21, 22]. It 
is proposed that adrenocorticotropic hormone (ACTH) has 
an anxiogenic action in the midbrain and hypothalamus and 
that anxiolytic drugs, by reducing serotonin (5-HT) turnover, 
can counteract the effects of ACTH [9]. 

Monoamine control of basal CS secretion has been ex- 
tensively investigated in recent years. The majority of 
studies have favored a norepinephrine (NE) inhibitory role 
[6, 26, 28, 32] and a serotonergic facilitatory role [12, 14, 23, 
28}. 

It has been shown that the antianxiety drugs are effective 
in reducing emotional behavior in the mouse and rat [7, 33, 





36]. In order to determine whether psychoactive drugs could 
alter both the behavioral and physiological responses to av- 
ersive stimulation, escape performance (latency) and steroid 
elevation of rats responding to an irregular-signalled foot- 
shock regimen were measured following diazepam treatment 
[4]. Diazepam causes a reduction in the CS response at cer- 
tain dose levels without a corresponding effect on escape 
performance. It is suggested that the CS level, rather than 
behavioral performance, may be a more appropriate and 
sensitive index of the degree of psychological involvement. 

The present study investigated the action of chlor- 
diazepoxide (CDP) on the CS response to stress. Animals 
were subjected to a combination of stimuli (noise, light, and 
environmental unfamiliarity) which were considered psycho- 
logical stressors free of debilitating effects. The relationship 
of the monoamines to the mediation of the plasma CS re- 
sponse was examined by using drugs having selective actions 
on the 5-HT, DA and NE systems. This was accomplished 
by combining CDP administration with quipazine, apomor- 
phine, and c'onidine, respectively. 


METHOD 
Animals 


Male mice of the CD-1 strain (approximately 90-150 days 
old) were obtained from Carworth Farms, Wilmington, MA 
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or bred in the Neuropsychopharmacology Laboratory at the 
University of Louisville. The laboratory was maintained at a 
temperature of 21°C, with a light cycle of 12 hours on, 12 
hours off. Animals were housed five to a cage with food and 
water available ad lib. All procedures were performed be- 
tween the second and fifth hours of the dark cycle, i.e., 
during the animals’ normally active period of their diurnal 
cycle. On the day prior to testing, animals were weighed to 
obtain dosage volumes and then subdivided into treatment 
groups by matching according to weight. 


Apparatus 


Acute stress treatment involved a combination of three 
relatively mild stressors: (1) 30 minutes of broad band noise 
(100-105 dB SPL) generated by a Grason-Stadler noise 
generator, (2) close exposure to light produced by two 40 W 
bulbs, and (3) placement in a standard size mouse cage 
(28x 18x 12 cm) fitted with eight metal plates, each measur- 
ing 6.5x5.5 cm. Equipment used in producing the variety of 
stressful stimuli was set up in a sound attenuated chamber. 


Drugs 


Chlordiazepoxide hydrochloride (Roche Laboratories, 
Nutley, NJ), apomorphine hydrochloride (Merck Sharpe and 
Dohme Research Laboratories, Rahway, NJ), clonidine hy- 
drochloride (Boehringer-Ingelheim LTD, Ridgefield, CT) 
and quipazine maleate (Miles Laboratories, Inc., Elkhart, 
IN) were dissolved in 0.9% saline. Injections were given in- 
traperitoneally (IP) in a volume of 2.5 ml/kg body weight. 
Doses of CDP, apomorphine and clonidine were calculated 
as hydrochloride while quipazine was calculated as maleate. 
Drug solutions were prepared to be used for two consecutive 


days, except apomorphine which was freshly prepared prior 
to injection. 


Procedure 


The study employed two stress levels (stress and no 
stress), four doses of acute CDP treatment (5, 10, 20, and 40 
mg/kg) and a saline control, and three separate agonist 
treatments (quipazine, 0.5 mg/kg; apomorphine, 0.5 mg/kg; 
clonidine, 0.1 mg/kg) and a saline control in a combined 
2x5~x4 factorial design. Initially, various doses of the 
agonists were tested. The doses used in the present experi- 
ment were selected since they caused minimal behavioral 
changes in open field activity when administered alone [10]. An 
animal in the stress condition was injected with the appro- 
priate dose of CDP and agonist treatment and placed back 
into its home cage. Twenty minutes later, the mouse was 
retrieved from its home cage, placed into the mouse cage 
fitted with the metal plates, and transported to the sound 
attenuated room for stress exposure. Immediately following 
the stress session, animals were sacrificed for CS determi- 
nation and neurochemical analysis. Animals not exposed to 
stress were treated in the same manner except that they 
remained in their home cages from the time of injection to 
sacrifice. Total elapsed time from injection to the com- 
mencement of the biochemical determinations was 50 min. 

Animals were anesthetized with CO,. Using a heparinized 
syringe fitted with a 26 gauge needle, 1 ml of blood was 
withdrawn by puncturing the heart from just below the 
xiphoid process of the sternum and pushing upwards. A 
spectrofluorometric method [16] with modifications [15] was 
used for the determination of blood plasma CS levels. 
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5-Hydroxyindoleacetic acid (S-HIAA) was separated by high 
pressure liquid chromatography (HPLC) and content de- 
termined by electrochemical detection [24]. 


RESULTS 


Corticosterone measurements were statistically analyzed 
using an analysis of variance (ANOVA). The design of the 
study specified a control group within each agonist condition 
and individual treatment means were compared to the con- 
trol mean using Dunnett’s f-test [35]. 


Corticosterone 


Significant effects were indicated due to stress, 
F(1,160)= 13.86, p<0.001, CDP treatment, F(4,160)=28.99, 
p<0.001, agonist challenge, F(3,160)= 11.92, p<0.001, stress 
x CDP interaction, F(4,160)=6.39, p<0.001, CDP x agonist 
interaction, F(12,160)=2.35, p<0.008, and a stress x CDP x 
agonist interaction, F(12,160)=1.96, p<0.031. For each 
agonist, the effect of various doses of CDP on plasma CS for 
stress and no stress groups is shown in Fig. 1. 

In the saline condition, plasma CS levels of stressed 
animals were significantly decreased by 5 mg/kg of CDP, 
t(5,160)=2.81, p<0.05. Corticosterone levels of nonstressed 
animals were increased and were significantly different from 
vehicle at 20 mg/kg, 1(5,160)=5.05, p<0.01, and 40 mg/kg, 
t(5,160)=4.51, p<0.01. This positive relationship between 
CDP and CS at doses of CDP between 10 and 40 mg/kg did 
not hold true in the stress condition. 

The pattern of change in plasma CS following quipazine 
administration was, for the most part, quite similar to that for 
the saline agonist challenge. In stressed mice, 5 and 20 mg/kg 
of CDP resulted in significant decreases in CS levels rela- 
tive to vehicle control, 1(5,160)=3.24, p<0.01, and 7(5,160)= 
2.63, p<0.05, respectively. Although CS levels did 
not differ significantly from vehicle control at 10 mg/kg CDP 
plus quipazine, they were reduced 32% compared to saline 
animals at the same dose of CDP. The positive relationship 
between CDP and CS levels at the dose range between 5 and 
40 mg/kg was maintained for the nonstressed animals under 
quipazine treatment. However, plasma CS levels were signif- 
icantly greater than nonstressed vehicle control only at the 
40 mg/kg dose, #(5,160)=3.65, p<0.01. 

The significant decrease in CS levels seen in stressed 
animals treated with 5 mg/kg of CDP was not evident with 
the apomorphine challenge. Apomorphine increased CS of 
vehicle-treated nonstressed animals to levels approximating 
those of vehicle-treated stressed mice. Thus, although 
apomorphine did not alter CS levels in nonstressed mice at 5 
mg/kg of CDP relative to saline mice, plasma CS levels were 
significantly reduced at this dose under an apomorphine 
challenge, t(5,160)=3.01, p<0.05. 

With the exception of the 10 mg/kg dose of CDP, CS 
levels were lower for nonstressed as compared to stressed 
animals under clonidine treatment. For the most part, the 
direction of change in CS levels between adjacent doses of 
CDP for stress and no stress treatments was similar. 
Chlordiazepoxide treatment of nonstressed mice resulted in 
significant increases in CS relative to vehicle control at doses 
of 10 mg/kg, 1(5,160)=3.79, p<0.01, and 40 mg/kg, 
t(5,160)=2.52, p<0.05. As with apomorphine, the decrease 
in CS levels in stressed mice at 5 mg/kg of CDP was not 
significantly different from vehicle control. For nonstressed 
mice, CS levels were highest at 10 mg/kg of CDP and de- 
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FIG. 1. Effect of chlordiazepoxide combined with agonist treatment on plasma corticosterone levels of stressed (closed 
circles) and nonstressed (open circles) mice. Results are given as mean with S.E.M. (n=5). Statistical significance 
shows differences from the VEH value for a given condition. *p<0.05, **p<0.01. 


clined thereafter. This deviated from the more positive rela- 
tionships seen with the other three agonist treatments. 


5-Hydroxyindoleacetic Acid 


In a similar manner to CS levels, the administration of 20 
mg/kg of CDP to nonstressed saline animals resulted in in- 
creased 5-HIAA (Fig. 2). In stressed mice, 5 mg/kg of CDP 
produced the greatest levels of 5S-HIAA which were accom- 


panied by the lowest levels of CS. In nonstressed mice, 
quipazine plus low dosages of CDP elevated 5-HIAA levels 
compared to saline control, whereas in stressed mice, 
quipazine attenuated the initial rise in 5-HIAA seen in 
saline-treated mice at 5 mg/kg of CDP. 


DISCUSSION 


The CDP-induced rise in CS levels in nonstressed mice 
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FIG. 2. Effect of chlordiazepoxide combined with agonist treatment on whole brain levels of 5-hydroxyindoleacetic acid 
of stressed (closed circles) and nonstressed (open circles) mice. Results are given as mean with S.E.M. (n=5). Statisti- 
cal significance shows differences from the VEH value for a given condition. *p<0.05, **p<0.01. 


was in agreement with the results of other investigators [18, 
20, 30]. The effect of CDP on CS levels in nonstressed 
animals seemed to be related to its behavioral effects [30]. 
Decreases in locomotor activity reported with moderate to 
high doses of CDP [10] coincide with the increases in CS 
levels. It is suggested that the depression of neural activity 
and the resulting ataxic effect with moderate and high doses 
of CDP might induce a stimulation of pituitary-adrenal activ- 
ity [30]. 

With exposure to stress, an approximate two-fold in- 
crease in CS was observed. Acute administration of a low 
dose of CDP to mice subjected to the noise stimulation re- 
duced the stress-induced rise in plasma CS. The effect of the 
benzodiazepines in attenuating the rise in CS with stress has 
been replicated in various experiments using a wide variety 
of stress procedures [4, 8, 21, 30]. 

From the results reported here, it is apparent that the 
effect of CDP on the hypothalamic-pituitary-adrenal system 
was dependent upon the endocrine state of the animal. Mice 
exposed to stress and exhibiting higher CS levels were af- 
fected differently by CDP treatment than their nonstressed 
counterparts. These findings provided evidence for the idea 
that the mechanisms mediating CS release under basal con- 
ditions are dissociable from those controlling its release in 
response to stress [31]. It is possible that sites mediating the 
depressant action of CDP, which predominates in nonstressed 
mice, influence the pituitary in an opposite manner to those 
mediating the “‘anxiolytic’’ effects of the drug in stressed 
animals [31]. Many investigators consider the reduction in 
CS response with low doses of CDP as an anxiolytic prop- 


erty of the drug. The depressant action stimulates while the 
anxiolytic action inhibits pituitary-adrenal activity. 

It has been suggested that low doses of CDP may 
facilitate catecholaminergic activity in stressed animals [10]. 
Chlordiazepoxide may have attenuated the stress-induced 
rise in CS by enhancing the inhibitory effect of NE on the 
hypothalamic-pituitary system. This supposed anxiolytic 
action of CDP was most clear at the lowest dose where de- 
pressant effects were minimal. At higher doses, the interac- 
tion of depressant and anxiolytic effects led to a variable CS 
response. Contrary to what occurred in nonstressed mice, 
continued CDP treatment at higher doses in stressed animals 
failed to increase CS levels significantly above vehicle. Al- 
though not reducing CS levels significantly at any dose other 
than 5 mg/kg, CDP prevented in stressed animals any further 
increase in CS beyond vehicle. This may have been due, in 
part, to the fact that the vehicle level was already quite high 
at the beginning. However, it appeared that the anxiolytic 
effect of CDP was only evident in animals subjected to 
stress. In nonstressed mice the depressant effect of CDP, 
being more prevalent than in stressed mice, caused CS levels 
to rise. 

Analysis of serotonergic involvement in CS regulation re- 
vealed a rather peculiar finding. In nonstressed saline 
animals, the highest levels of 5-HIAA were observed at 20 
mg/kg of CDP (Fig. 2) which corresponded to the highest 
levels of CS. In stressed mice, the highest levels of 5-HIAA 
(5 mg/kg) corresponded to the lowest levels of CS. These 
significant changes in 5-HIAA, if reflective of real changes in 
serotonergic activity, suggested that the effects of the 
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serotonin system on the CS response were different in 
stressed versus nonstressed mice. If this were the case, then 
one would expect that the effects of a serotonin-activating 
drug would enhance the effects of 5-HT activity on CS 
levels, that is, increase the levels further in nonstressed mice 
and lower the levels further in stressed mice. 

Quipazine, an alleged 5-HT agonist, had no effect on CS 
levels in animals without prior drug treatment which was at 
variance with previous results showing elevated CS levels 
with quipazine [12]. The discrepant results of the two studies 
may be attributable to species, dose and timing differences. 
In nonstressed mice treated with low doses of CDP, 
quipazine raised 5-HIAA levels compared to saline-treated 
controls. Rather than further increasing CS levels, quipazine 
attenuated the rise in CS in nonstressed mice. In stressed 
mice, quipazine attenuated the initial rise in S-HIAA seen in 
saline-treated animals at 5 mg/kg of CDP. However, CS 
levels were significantly below vehicle as they were for 
saline-treated mice. These results seem to contradict a 
serotonergic facilitatory effect on CS regulation and indicate 
that the CS-reducing effect of low doses of CDP in stressed 
mice was probably not due to the effect of CDP on the 
serotonin system. 

Dopaminergic receptors do not appear to play a part in 
the control of CS secretion after pretreatment with 
a-methyl-para-tyrosine (AMPT) [28]. The effects with 


apomorphine, in the present study, seemed to contradict this 
notion. Apomorphine increased CS levels of nonstressed, 
non-CDP-treated mice to a point comparable to those of 
stressed animals, but did not alter CS levels of vehicle- 
treated stressed mice. This provided further support that the 
mechanisms controlling basal levels of CS may be different 
from those mediating CS response to stress. Dopamine 


agonists and antagonists can have opposite effects depending 
on the state of the organism involved. Stress and its timing 
are critical factors in determining the consequences of 
dopaminergic agents [3,27]. Pergolide mesylate, a DA 
agonist, causes an acute elevation of serum CS concentra- 
tion in rats [11]. Evidence that the elevation of serum CS 
results from the activation of DA receptors was strengthened 
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by the findings that LY116467 and LY141865, DA agonists 
related in structure to pergolide, increase serum CS in rats 
[13]. In the present study, apomorphine in combination with 5 
and 20 mg/kg of CDP also increased CS levels in stressed 
animals and, thus, the significant decreases at these doses 
with saline and quipazine were no longer evident. 

Relatively low doses of clonidine have been found to re- 
duce the utilization of brain NE [1,2], to inhibit the firing rate 
of NE neurons in the locus coeruleus [29] and to have an 
inhibitory effect on behavior. As a possible reflection of its 
presynaptic action, clonidine produced increases in NE at all 
levels of CDP [10]. Rats injected IP with AMPT (400 mg/kg) 
showed a 50% decrease in hypothalamic NE along with ele- 
vated CS levels [28]. In the same study, treatment with 
clonidine (0.01-0.05 mg/kg), an a, or presynaptic NE 
agonist, produced a dose-dependent attenuation of this CS 
rise, whereas, piperoxane, a known a,-adrenoceptor 
antagonist, blocked the effect of clonidine. This suggests that 
an a@.-receptor may be found on the corticotropin releasing 
factor (CRF) neuron in the hypothalamus which inhibits 
CRF release [28]. The modification of the CS response by 
clonidine, in the current study, did not provide evidence for 
the existence of a postsynaptic a,-receptor site on the CRF 
neuron in the rat as previously proposed [28]. The action of 
clonidine alone had no effect on CS compared to saline- 
treated animals. Furthermore, the addition of clonidine pre- 
vented the significant decrease in CS levels reported in 
saline-treated stressed animals receiving 5 mg/kg of CDP. In 
nonstressed mice, low doses of CDP and clonidine increased 
CS levels. Corticosterone peaked significantly above vehicle 
at 10 mg/kg of CDP, an effect seen only with clonidine. The 
discrepant results may be attributed, in part, to the fact that 
in the previous study clonidine was effective in inhibiting the 
CS rise only following pretreatment with AMPT [28]. 

In conclusion, animals exposed to stress reacted differ- 
ently to drug treatment than nonstressed mice. The involve- 
ment of the monoamines in CS response regulation may de- 
pend largely on the endocrine as well as pharmacological 
state of the animal. 
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TELLEZ-VILLAGRA, C. AND F. VAZQUEZ-PEREYRA. Evolution of evoked potentials during conditioning in im- 


mobilized cats. PHYSIOL BEHAV 37(6) 939-944, 1986.—To establish the relevancy of motor feedback in the evolution of 
evoked potentials during conditioning, recordings were made from the Caudate Nucleus (CN), the Lateral Geniculate Body 
(LGB), the Mesencephalic Reticular Formation (MRF), the Occipital Cortex (OC) and the Cerebellar Cortex (Cer. C) in 
immobilized and non-immobilized cats before and during classical conditioning. As a result of the conditioning we observed 
an enhancement of the average evoked potentials (AEP) recorded in CN and in LGB in those animals able to perform the 
conditioned response. In contrast, the AEP recorded in CN diminished in the immobilized animals, and no changes were 
observed in the recordings made from the other structures, except for the appearance of polyphasic components of small 
amplitude and high frequency (200 Hz) in the average evoked potentials’ 2nd peak, recorded from LGB. From these results 
we conclude that the motor feedback produced by the execution of the response is important to establish the AEP changes 


observed in the CN. 


Classical conditioning Learning 
Evoked potentials and learning 


Immobilization and evoked potentials 


Caudate nucleus 





DIFFERENT authors [5, 6, 23, 31] have studied the changes 
occurring in the evoked potentials (EPs) recorded from dif- 
ferent regions of the central nervous system (CNS) during 
acquisition, maintenance or extinction of a conditioned re- 
sponse. 

The following changes have been reported by various au- 
thors: (a) Enhancement in amplitude of the EP components 
[13-15]; (b) Appearance of a late component, once condition- 
ing has been established [4, 12, 19, 25]; (c) Enhancement in 
amplitude of the late EP components [18,32] and (d) Appear- 
ance of similar EPs in specific and non-specific structures 
coinciding with the performance of the correct response; and 
different EPs in both groups of structures when the animal 
makes errors in the response [17, 20, 21]. In all cases, the 
authors report disappearance of the observed changes in the 
EPs during extinction or when the animals do not perform 
the correct response. 

If the execution of the learned response is essential for the 
learning process, as has been proposed [3], then it is possible 
to suggest that the afferent information, produced by the 
motor activity, contributes to the modelling of the elec- 
trophysiological changes observed during learning. Based on 
this proposition, the execution or lack of response would 
determine differences in the evolution of the EPs. In other 
words, the changes in EPs would be modulated by the pe- 
ripheral feedback provided by the execution of the con- 
ditioned responses. To test this hypothesis, experiments 
were performed in cats immobilized to avoid the conditioned 





response motor output, and EP recordings were made from 
regions where other authors have described changes corre- 
lated with conditioning. The EPs recorded from the im- 
mobilized subjects were compared with EPs recorded from 
the same sites in control animals, able to perform the motor 
response freely. 

When the conditioning paradigm is of the motor type, the 
EPs recorded from structures involved in motor activity, 
such as the caudate nucleus, should only show changes in 
those animals able to move, being absent or less noticeable 
in the immobilized subjects. On the other hand, other nuclei 
related to sensory input or to the conditioning stimuli should 
be less susceptible to the feedback information derived from 
the motor activity. 


METHOD 


Experiments were made on 17 cats of either sex (body 
weight 2.5-3.5 kg). Bipolar electrodes, 0.3 mm diameter, 
made of nichrome twisted wire, insulated except for 0.5 mm 
from the tip were implanted under chloralose anesthesia (45 
mg/kg dissolved in 0.9% saline solution at 60°C). The im- 
plantation sites [16] were: left lateral geniculate body (LGB), 
A=7.5, L=9.5 and H=2.5; left mesencephalic reticular for- 
mation (MRF) at A=2, L=3.0 and H=-—3.0; both caudate 
nuclei (CN) A= 16, L=4; left occipital cortex (OC) at A=—1, 
L=4, and the dorsal surface of the left cerebellar cortex 
(Cer. C) L=4 mm. The height of the electrodes placed in CN, 


‘Requests for reprints should be addressed to M. en C. Carolina Téllez-Villagra, Dept. of Physiology, Faculty of Medicine, National 


University of Mexico, P.O. Box 70250, México, D. F., México 04510. 





CONTROL EXPERIMENTAL 
PHASE PHASE 
IMMOBILIZED 


iiss * il ee 


] 


ces tal 


NON-IMMOBILIZED 


FIG. 1. Samples of Average Evoked Potentials (AEP), recorded in 
Caudate Nucleus (CN) and Lateral Geniculate Body (LGB). On the 
left side, evoked potentials recorded during control phase on the 
right, during the 160th association of the experimental phase. Upper 
traces correspond to the immobilized cats and the lower ones to the 
non-immobilized. Note the AEP increment in CN during condition- 
ing in the non-immobilized animals, and the decrement in the im- 
mobilized as well as the appearance of polyphasic components of 
high frequency (200 Hz) on the 2nd peak of the AEPs recorded from 
LGB. Calibration: horizontal=25 msec; verticle 50 nV. 


OC and Cer. C was determined by the appearance of poten- 
tials evoked by flashes. The electrodes were then fixed at the 
site where the EPs were most constant and attached to a 
connector fixed to the skull. 

One week later, we determined the intensity required for 
an electrical stimulus applied to the right forepaw, through 
gold plate electrodes, to produce a light flexion, without be- 
havioral defensive manifestations. Two groups of animals 
were formed, the experimental and control. 

The experimental group was comprised of 12 animals. 
Under ether anesthesia and infiltrating 1% Xylocaine at the 
tracheal area, the Ss were intubated endotracheally and arti- 
ficially ventilated using a positive pressure Palmer pump. 

Drops of 1% atropine were instilled in each conjunctival 
sac to maintain pupillary dilation. Afterwards, the Ss were 
immobilized with gallamine triethiodide (Flaxedyl applied 
IP), 1 ml each hour, and the animals were placed, lying down 
with flexed limbs in a comfortable physiological position, in 
front of a stroboscopic lamp. This position prevented the 
animal from seeing its extremities, thus eliminating vis- 
ual cues for the response. Body temperature, measured in 
the rectum, was kept at 37-38°C. Two hours after ether re- 
moval the animals were conditioned. As conditioning 
stimulus (CS) we used a series of 13 flashes at 2 sec intervals, 
delivered by a stroboscopic lamp placed 30 cm in front of the 
cat’s face. Two sets of recordings were made, a control 
phase during which 6 series of CS, separated by 10 min were 
applied to each group, and an experimental phase in which 
the last flash (the 13th) was paired to an electrical shock of a 
previously determined intensity, as unconditioned stimulus 
(US), applied to the right forepaw through gold plate elec- 
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trodes. In this phase 180 CS-US associations were made. 
One cat of the experimental group (immobilized with 
Flaxedyl) was not submitted to the US, i.e., no conditioning 
was performed. 

To control for signs of distress, one animal was submitted 
to the same intubating procedure; once ether was removed 
and without Flaxedyl the subject was placed in the same 
position as the experimental cats and the responses to the 
environment were observed for 6 hours. 

The control group formed by 4 cats was submitted to the 
same conditioning paradigm, but they were not immobilized. 
They were placed on a harness, allowing them free move- 
ment of the right forepaw on which the stimulation electrode 
was placed, and the head kept in place in front of the lamp. 
In this position the cats were unable to see their extremities. 
Learning criterion was set at the cat flexing the forepaw or 
meowing at the sole presentation of the CS in 80% or more 
associations. 

In all the animals the first 12 EPs evoked by the CS were 
recorded from all the mentioned structures. During the con- 
trol phase the 6 series of CS were recorded whereas for the 
associations only the EPs produced at every 10th association 
were recorded. The EPs were amplified by a Grass ACP 511 
preamplifier with a bandwidth of 1 Hz-10 kHz. The 
preamplifier output was fed into an Ampex PR-500 tape re- 
corder. 

At the end of the experiments, a lethal dose of sodium 
pentobarbital was given, marking the electrode sites by pass- 
ing through them a direct current (2.5 mA during 20 sec). The 
animals were perfused intracardially with isotonic saline 
solution and Formalin 10%. The brains were removed the 
same day and kept in Formalin 10% during one week. Frozen 
sections 50 y thick were cut coronally from the brains, 
mounted on glass slides and stained with the Nissl technique 
[28] for microscopic observation. 

Only recordings obtained from structures in which the 
electrode sites proved to be correct by the histological study, 
were taken into account for statistical analysis. For the ex- 
perimental group, a total of 9 cats (9 CN; 7 Cer. C; 5 MRF; 6 
OC; and 9 LGB), and for the control group a total of 4 cats (4 
CN, 4 MRF and 4 LGB) were analyzed. 

The 12 EPs recorded, corresponding to each CS presen- 
tation, were averaged on a Hewlett Packard Averaging Sys- 
tem; the averages were then photographed and amplified by 
projecting them on paper. Using a digitizer board in line with 
an Apple II microcomputer we integrated the area under the 
curve of each EP average, adding all the waves without con- 
sidering their polarity. 

Through variance analysis for repeated samples in one 
factor [38] we compared the values of the area underneath 
the curves of the EPs obtained during the control phase with 
those obtained during the associations or experimental phase. 

This study was made separately for each of the implanted 
structures for both groups of animals, i.e., the immobilized 
and the ones being able to move. 


RESULTS 


Behavioral 


Animals able to move the right forepaw flexed it or 
meowed before the presentation of the US in at least 80% of 
the associations, reaching learning criterion at the 63rd +6 
associations and retained it until the end of the experiment. 

The one animal tracheally intubated and without Flaxedyl 
did not show pupillary dilation nor any other sign that might 
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FIG. 2. Represents the values of the area underneath the curve of the AEP recorded 
from CN, expressed in arbitrary units during control and experimental phases. Note 
the area increment underneath the curve in the non-immobilized cats (N=4) in con- 
trast to the decrement observed in the immobilized cats (N=9). 
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FIG. 3. Values of the area underneath the curve of the AEP recorded from LGB. 
Same conditions as in Fig. 2. Note the increment of the area underneath the curve in 
the non-immobilized cats (N=4), whereas the change was not observed in the im- 


mobilized cats (N=9). 


have hinted distress or pain. It has been reported previously 
[36,37] that flaxedylized animals do not present important 
changes in cardiac frequency, which might indicate pain or 
extreme distress. 


Electrophysiological 


CN. The average evoked potentials (AEP) by light stimu- 
lation recorded in CN presented 3 peaks with an average 
latency at the maximal point of 27.16 msec (a@=9.09), 53 
msec (o=11), and 119 msec (a =8.92), respectively (Fig. 1). 
Analyzing the evolution of the AEP changes in both CN we 
observed that the changes were identical, thus we decided to 
measure only those of the left side. In the non-immobilized 
cats, the area underneath the curve showed a significant 
enhancement (p<0.05) before the learning was evident. In 
the immobilized cats, comparison of the AEPs recorded dur- 
ing the control phase with those of the experimental one 


shows a significant decrement of the AEP magnitude at the 
level of p<0.05 (Fig. 2). In some instances the EPs disap- 
peared completely. 

LGB. The average EPs produced by light stimulation pre- 
sented 3 peaks, with an average latency of 23.87 msec 
(o=3.78), 70 msec (o=10.9), and 122 msec (o=13), respec- 
tively (Fig. 1). In the non-immobilized cats, the magnitude of 
the EPs increased significantly at p<0.05 from the first 
associations (Fig. 3). In 75% of the animals (3 out of 4) we 
observed polyphasic components of small amplitude and 
high frequency (200 Hz) in the 2nd peak (Fig. 1). In the 
experimental group (immobilized animals) comparison of the 
average EPs recorded during control phase with those of the 
experimental phase showed a slight decrement of the area 
underneath the curve, but it was not statistically significant 
(Fig. 3), and in 33% of the animals (3 out of 9) the polyphasic 
components previously described also appeared (Fig. 1). 

MRF. The AEPs produced by light stimulation presented 
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FIG. 4. Values of the area underneath the curve of the AEPs recorded from MRF. 
Same conditions as in Fig. 2. Note that no changes were observed either in the 
immobilized (N=4) or in the non-immobilized cats (N=9). 


2 peaks, with an average latency of 27.75 msec (a =7.42) and 
54.57 msec (0 = 17.8), respectively. No statistical differences 
were observed in the AEP recorded from both groups of 
animals (Fig. 4). 

OC and Cer. C. EPs from these structures were only 
recorded from immobilized animals and no significant 
changes were observed. 

In the one immobilized cat that was not submitted to the 
US no changes in AEP recorded from CN, LGB, OC, or Cer. 
C could be observed. 


DISCUSSION 


The non-immobilized cats flexed the forepaw or meowed 
with the sole presentation of the CS, indicating that they had 
acquired the conditioning. Behavioral observations corre- 
lated well with the electrophysiological findings in these 
animals. Changes obtained in the area of the AEP resulted 
from modifications of the total existing waves. No new 
waves appeared, except for those small polyphasic compo- 
nents overlapped on the 2nd peak of the EPs recorded in 
LGB. These changes gave us an index of voltage variations 
along a time course, which could correspond to a change in 
number and orientation of the involved generator dipoles 
[8,34]. 

Many of the changes reported in EPs during conditioning 
or habituation have been obtained by visual comparison of 
the recordings or by measuring the amplitude of the waves 
[7.27]. Another method used is the Fourier analysis applied 
to the EPs, however the changes obtained by this method 
have resulted in difficult and controversial interpretations 
[24]. To avoid these difficulties, we preferred to measure the 
area underneath the curve of the average of 12 potentials, as 
it would allow a more accurate quantification of the EPs 
changes, avoiding subjective interpretations. 

Similar changes were observed in both caudate nuclei, 
however no detailed analysis was made to distinguish differ- 
ences between the ipsi or contralateral nucleus. This simi- 
larity could be due to the fact that the somatic afferences 
generate responses in both caudate nuclei [1, 10, 33, 35], 
since information reaches the CN via polisensory structures 
such as the N. centralis medialis or the N. reticularis pontis 
oralis of the mesencephalic reticular formation [10] or be- 
cause the CN is a site of polisensory convergence [1, 2, 22]. 


The enhancement of the area underneath the curve ob- 
served in the EPs recorded from LGB and CN in the non- 
immobilized cats could be comparable to the enhancement in 
magnitude of the EPs peaks recorded by other authors [13- 
15] once the animals have learned a specific task. We believe 
that the appearance of the small polyphasic components of 
high frequency observed in the second peak of the EPs re- 
corded from LGB is related to the learning process, since 
their initiation and persistence progressed with conditioning. 
Similar results have been reported [31], although in another 
type of learning and associated with overtraining. 

The graph obtained from the area underneath the curve 
from the EPs recorded in MRF in the non-immobilized cats 
suggests a tendency to increment with conditioning, but the 
statistical comparison does not show a significant difference. 
This apparent discrepancy with the results obtained by other 
authors [7] could be the fact that they based their analysis on 
superimposing 2 EPs without specifying the measurement 
technique, whereas our results are based on a quantitative 
analysis of 12 averaged potentials. 

The number of association used in the conditioning of the 
non-immobilized cats was three times greater than that re- 
quired to establish behavior or electrophysiological changes, 
as demonstrated by their reaching learning criterion at the 63 
+6 associations. We believe that in the immobilized Ss the 
CS became significant even though they could not exert the 
conditioned response, since the number of associations was 
high above that required to establish a conditioning. 

Since the aim of our study was to establish the effect of 
the impossibility to perform the response upon the central nerv- 
ous structures, we chose to immobilize the animals with 
Flaxedyl. There are other alternate methods, such as selec- 
tive deafferentation for motor information, or de- 
efferentation, however we considered these methods more 
likely to produce greater distress, and to generate less reli- 
able conditions for the aim of these experiments. 

In the immobilized cats no enhancement in the amplitude 
of the EPs recorded in CN or LGB was observed, on the 
contrary a decrement was found in those recorded in CN. 
This decrement could be due to the lack of feedback pro- 
vided by the motor activity resulting from the response, or 
due to a depletion of the level of consciousness, or to the 
effects of Flaxedyl on the CNS. However, since the spon- 
taneous activity recorded from the various structures did not 
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show differences between the immobilized and the non- 
immobilized animals we propose that all the animals were 
awake and alert. On the other hand, the one cat immobilized 
but not submitted to the US did not show changes in AEP, 
therefore we suggest that Flaxedyl is not responsible for the 
decrement in AEP obtained in the animals under the same 
conditions but submitted to the US. 

We used peripheral block of motricity to prevent feed- 
back to the CNS produced by motor activity, or by the re- 
sponse. Although our aim was not to analyze all the compo- 
nents of the feedback, it is worth mentioning that the corol- 
lary discharge [11] produced by visual cues or by the move- 
ment itself was prevented in the experimental group. In the 
control group only the visual cues were prevented. Internal 
feedback or the efferent copy produced by the intention to 
perform the movement [11] were not controlled in any of the 
groups. The lack of movement was the only reason for the 
observed differences in both groups of animals. Any move- 
ment provides sensory feedback [22]. The lack of this type of 
feedback could be manifested in structures involved in motor 
activity integration, such as the CN, cerebellum and others. 
Since no significant changes were observed in EPs recorded 
from the cerebellum in the immobilized cats, and the CN was 
the only structure in which a significant decrease in EPs was 
observed, we suggest that the change in AEP observed in 
CN from immobilized cats depends on the execution of the 
learned movements, or is associated with the learning proc- 
ess. 
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Aithough there is no experimental evidence that stimula- 
tion of the muscular proprioceptive receptors produces re- 
sponses in CN, excitation of responding units in this struc- 
ture has been observed as a result of active movement [26]. 
Other authors [9] have reported unitary responses in the 
neostriatum related in time to the execution of learned 
movements. 

From our results we cannot determine which component 
of the motor feedback is responsible for the changes ob- 
served in CN. 

From the aforementioned, we suggest that the execution 
of the learned response is necessary for the observed 
changes in AFP recorded in CN, but not for those recorded 
in LGB in relation to learning. It also seems that CN is 
sensible to the lack of feedback produced by motor activity. 
This sensibility could be specific for a learned response and 
not only be related to the motor activity, since no decrement 
is AEPs recorded in the cerebellum was observed in animals 
unable to move. 

Our present results support the propositions previously 
demonstrated [29, 30, 36, 37] that CN is involved in motor 
learning. 
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TSUDA, A., M. TANAKA, Y. IDA, S. TSUJIMARU AND N. NAGASAKI. Effects of shock controllability on rat brain 
noradrenaline turnover under FR-1 and FR-3 Sidman avoidance schedules. PHYSIOL BEHAV 37(6) 945-950, 1986.—We 
examined changes in brain noradrenaline (NA) turnover as a function of shock controllability and the task complexity 
(fixed ratio, FR-1 and FR-3) under a 21-hr continuous discriminated Sidman avoidance schedule with shock intensity of 
0.7-1.0 mA, shock duration of 1.0 sec, shock-shock interval of 1.5 sec, response-shock interval of 100 sec and signal-shock 
interval of 10 sec, by measuring levels of a principal metabolite of NA, 3-methoxy-4-hydroxyphenylethyleneglycol sulfate 
(MHPG-SO,), in discrete brain regions of male Wistar rats. In an FR-1 operant schedule, experimental rats which could 
avoid or escape shock by pulling a disk manipulandum only once showed significantly lower levels of MHPG-SO, in the 
hypothalamus, amygdala, thalamus, locus coeruleus (LC) region and cerebral cortex than did yoked rats which received 
the same amount of shock but could not perform any effective avoidance and/or escape responses. The MHPG-SO, levels 
for the experimental rats did not differ significantly from ‘‘non-shock’’ control rats in most regions. In an FR-3 operant 
schedule, however, the experimental rats which could control shock by emitting three disk-pulling responses showed 
significantly higher levels of MHPG-SO, in most brain regions, as compared to FR-1 experimental rats. The FR-3- 
experimental rats exhibited levels of MHPG-SO, similar to those seen in the FR-3 yoked rats in all brain regions. These two 
groups of shocked rats showed significantly higher levels of MHPG-SO, in all brain regions with the exception of the basal 
ganglia, as compared to the FR-3 control rats. These results suggest that changes in regional brain NA turnover are 
determined by the interaction between shock controllability (controllable vs. helpless) and the task complexity, i.e., the 
amount of requirement of operant responses (FR-1 vs. FR-3). 
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IT has been well-documented that the controllable-uncon- 
trollable nature of environmental aversive stimuli (e.g., elec- 
tric shock) can result in differentiation of behavioral [10,14), 
physiological [5,24] and neurochemical consequences 
[15,25]. It is also reported that there exists possible inter- 


found that rats performing a two-way active avoidance task, 
which involved conflict engendered by the double-avoidance 
nature of the situation, exhibited more severe gastric ulcera- 
tion than did yoked rats unable to control the shock. 

Yet, very few studies investigated interactive effects of 


active effects between the two factors of shock controllabil- 
ity and the nature of the task required to terminate or delay 
the shock. Experimental rats which were able to make oper- 
ant controlling responses in order to turn off shock showed 
less severe physiological disturbances (e.g., body weight 
loss and gastric lesions) than did yoked rats which could not 
respond, if the task did not involve conflict [24]. However, 
when the controlling response brought about one additional 
shock in order to terminate a longer train of shocks (i.e., 
avoidance-avoidance conflict) [23], or high fixed ratio (FR) 
schedules [21], the experimental rats had more gastric le- 
sions than did their yoked partners. Murison et al. [11] also 





shock controllability and the operant task required to control 
the shock on neurochemical changes in the brain, as an index 
of stress responses. Therefore, the present investigation at- 
tempted to examine these effects on brain noradrenergic 
turnover after long-term exposure to a discriminated Sidman 
avoidance procedure with FR-1 or FR-3 operant schedules. 
Various stressful situations have been shown to induce exci- 
tation of brain noradrenergic neurons and hence enhance 
noradrenaline (NA) turnover [6, 7, 16, 20]. We measured the 
levels of a major metabolite of NA, 3-methoxy-4-hydroxy- 
phenylethyleneglycol sulfate (MHPG-SO,), in various brain 
regions of the rat. MHPG-SO, levels are considered to be a 


This work was partly supported by Grants No. 58710089 and No. 59710089 (A. Tsuda), No. 58570109 and No. 59570093 (M. Tanaka) and 


No. 59770162 (Y. Ida) from the Ministry of Education of Japan. 
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useful index of NA turnover which reflects synthesis, re- 
lease, uptake, utilization and metabolism [9]. 

In this experiment, controllability of shock was tested by 
allowing one rat access to operant response, which either 
delayed or turned off the shock as compared to another rat 
which did not have access to this operant response. The 
operant task under a discriminated Sidman avoidance 
schedule was manipulated by either requiring a disk-pulling 
response only once to control the shock (FR-1) for rein- 
forcement (i.e., shock termination) or three responses to ob- 
tain the same effect (FR-3). The discriminated Sidman 
avoidance schedule for 21 hr was chosen as a stress duration. 
Since we had previously observed that after 21 hr in this 
task, the effectiveness of shock controllability covaried with 
the high FR requirement of operant task evaluating the sev- 
eritv of gastric lesions [21]. 


METHOD 


Animals 


Forty-eight naive male Wistar-strain rats which had been 
obtained from Kyudo K.K. (Kumamoto), 8 weeks old (ap- 
proximately 230 g) at the beginning of the experiment, were 
used as subjects. Rats were housed, with free access to food 
and water, three per standard plastic cage containing wood 
shavings, which were situated in a 12 hr light/dark cycled 
room (light on at 0700 hr and off 1900 hr) at constant tem- 
perature (24+ 1°C) and humidity (50+ 10%). 


Apparatus 


The apparatus consisted of three plastic chambers (9 cm 
wide, 19.5 cm long and 18 cm high) placed in soundproof 
boxes (Nakazono Manufacturing Corp., Kurume) which 
were filled with a masking noise generated by the chamber 
ventilators. The top of the chamber was slanted downward 
from the front of the cage to the back of the cage, with the 
top fitting across the rat’s back in such a way that the rat 
could not turn around in the chamber. The floors were made 
of 0.2 cm diameter stainless steel rods spaced 0.5 cm apart 
(center to center). A 3-cm diameter stainless disk manipu- 
landum (0.1 cm thick) was mounted on the ceiling, and ex- 
tended 8 cm into the chamber so that it was suspended in 
front of the rat’s nose. The disk, when pulled by experi- 
mental rats, activated a switch that allowed the experimental 
and its yoked partner to avoid or escape shock. The force 
required to pull the disk was approximately 20 g. Unscram- 
bled shock was delivered from a solid state shocker (Lehigh 
Valley Electronics, No. 113-33) to the rat’s tail. The chamber 
was illuminated by a 10-V tungsten lamp attached to the rear 
wall of each box. The sequencing of stimulus presentations 
was made by a pattern generator (Muromachi Kikai Corp., 
Tokyo). The number of disk-pulling responses and shock 
pulses were tabulated every hour. 


Procedure 


Behavioral-stress procedure. Animals were randomly as- 
signed to one of six groups (3 groups x 2.FR schedules) of 8 
subjects each. Rats were treated throughout the experiment 
in triplets. The first rat (experimental) in each triad could 
avoid and/or escape tail shock by emitting a predetermined 
number of pull responses on the disk manipulandum. The 
experimental rat controlled shock duration for a second, in- 
escapably shocked rat (yoked), such that both rats received 
the same number, pattern, intensity and duration of shock. 
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The shock was delivered to the tail through fixed tail elec- 
trodes which were made of two copper plates (1.33 cm), 
wired in series with the shock source so that, regardless of 
condition, the pain sensitivity of the shock was not influ- 
enced by rats’ behavior. The rat’s tail extended through an 
open slot in the rear wall of the chamber, and was held in 
place by a small piece of tubing taped to the tail. The tail 
electrodes were taped onto the tail about 1.5 cm from the 
base of the tail. The site of the electrodes contact on the tail 
was augmented with electrode paste to reduce electrical re- 
sistance. Responses by the yoked rat had no effect on shock 
onset or termination. A third rat (non-shock control) was 
control for the effects of being confined in the chamber with- 
out shock. The control rat was merely placed into a chamber 
for the same period of time as the other two rats and had the 
same kind of electrodes on his tail but received no shock. 

Each triad was randomly assigned to one of FR-1 and 
FR-3 operant schedules. In the FR-1 schedule, experimental 
rats could avoid and/or escape shock by emitting one disk- 
pulling response throughout a 21 hr stress session. In the 
FR-3 schedule, the experimental rats could control shock by 
emitting one disk-pulling response for the first 3 hr, and from 
the fourth hour onward, the contingency of response and 
shock or discriminated signal termination was changed so 
that three responses were required to obtain the same effect. 
Pilot work revealed that some rats fail to learn the FR-3 task 
if such prior FR-1 trials were not conducted. 

The shock was simultaneously delivered and continued to 
the tails of both experimental and yoked rats until the pre- 
determined number of disk-pulling responses made by the 
experimental rat was accumulated (once for the FR-1 or 
three for the FR-3 operant schedule). A discriminated Sid- 
man avoidance procedure used a train of shock pulses with a 
shock-shock (S-S) interval of 1.5 sec and a pulse duration of 
1.0 sec. The discriminative stimulus (S”) was delivered by a 
40-W white bulb attached to the ceiling of each box. The S” 
was activated for 10 sec before the occurrence of shock. 
For experimental rats, the designated disk-pulling re- 
sponse(s) postponed the occurrence of the S” for 90 sec 
and delayed shock for 100 sec (response-shock, R-S inter- 
val). If the designated number of response(s) by the experi- 
mental rat was performed during the presence of shock and 
the S, it terminated both stimuli in addition to delaying the 
next scheduled shock by 100 sec. The designated number of 
response(s) performed during the R-S interval simply 
postponed the onset of the shock for 100 sec. The shock 
intensity was initially set at 0.7 mA and increased to a 
maximum of 1.0 mA. This oddity was adopted to counteract 
the reduced painfulness of the shock at the end of session. 
Prolonged exposure to a discriminated Sidman avoidance 
procedure as stress session started at 1600 hr and lasted for 
21 hr, during which time the animals were deprived of food 
and water. 

Tissue preparation and biochemical assay. At the end of 
the stress session, animals were sacrificed by decapitation. 
The brain was removed and dissected into various discrete 
regions according to the method of Gispen ef al. [3]. The 
following regions were selected: the hypothalamus, amyg- 
dala, thalamus, midbrain, hippocampus, cerebral cortex and 
basal ganglia which included the caudate nucleus, putamen 
and globus pallidus, since there are terminal areas of the 
ventral and dorsal bundle pathway of the major brain NA 
systems. The locus coeruleus (LC) region was also dissected 
out by the method of Reis and Ross [13], since this area 
includes the brain stem incorporating the NA cell body sites 
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TABLE 1 


MEAN ( + SEM) CHANGES IN MHPG-SO, LEVELS IN VARIOUS BRAIN REGIONS AS A PERCENTAGE 
OF CONTROL GROUP ACROSS THE FR 1 AND FR 3 OPERANT SCHEDULES 





FR 1 FR 3 








Brain Regions Control Experimental Yoked Experimental Yoked 





Hypothalamus 100 + 2.4 110.6 + 4.78 IBMZ2EUNS 131.7262" 143292" 


100 + 2.8 
100 + 2.8 
100 + 3.2 
100 + 1.5 


105.3 + 1.98 
108.6 + 1.73 
110.6 + 4.4 
106.4 + 2.2? 
100 + 4.9 106.3 + 6.9 
100 + 3.3 110.6 + 2.63 
100+2.0 96.9 + 2.9 


Amygdala 
Thalamus 

LC Region 
Hippocampus 
Basal Ganglia 
Midbrain 
Cerebral Cortex 


116.8 + 6.6 
126.3 + 8.1 
121.9 + 8.7 
3.9 + 3.4 
107.6 + 4.4 
125.0 + 7.8 
114.9 + 5.8 


128.7 + 10.1 
215 +38 
123.2 + 7.7 
118.9 + 2.9 
117.7 + 7.0 
inet 3. 
117.3 + 3.6 


120.1 + 3.8 
123.3 + 26" 
32:2 7.2 
HT2 st 3.7 
110.7 + 4.4 
121.3 + 4.9 
112.6 + 3.8 





Differs significantly (p<0.05) from (a): respective cerebral cortex; (b): respective basal ganglia; and 
(c): respective hippocampus. 


TABLE 2 


MEAN ( + SEM) NUMBER OF DISK-PULLING RESPONSES AND SHOCK PULSES RECEIVED DURING 
THE FR 1 AND FR 3 OPERANT SCHEDULES, AS WELL AS MEAN ( + SEM) CHANGES IN THE NUMBER 
OF RESPONSES AND SHOCKS AS A PERCENTAGE OF THE FR | SCHEDULE 





Control Experimental Yoked 





FR 1 Schedule 
Disk-pulling Responses 99.1 + 32.8 
Shock Pulses 0.0 


FR 3 Schedule 
Disk-pulling Responses 76.1 + 37.0 
(% Change of FR 1) 76.8 + 37.4 
Shock Pulses 0.0 
(% Change of FR 1) 


857.3 
1240.8 


138.5? 
356.2 


373.8 + 123.0%” 
1240.8 + 356.2 


1252.1 + 147.28 
146.1 + 17.2 
1715.8 + 429.3 
138.3 + 34.6 


416.6 + 138.3* 
111.5 + 37.0 
1715.8 + 429.3 
138.3 + 34.6 





The SEM, expressed as a percentage of the FR 1, were + 33.1% for the control, +16.2% for the 
experimental, and +32.9% for the yoked with respect to the number of responses; and were + 28.7% 
for the experimental and yoked with respect to the number of shocks. 


Differs significantly (p<0.05) from (a): the control group and (b): the experimental group. 


[22]. MHPG-SO, levels in the brain regions were fluoromet- 
rically determined by our method [8]. 

Statistical analysis. Data were analyzed by a two-way 
(group X FR schedule) anaiysis of variance (ANOVA) and 
subsequent Tukey’s pairwise comparisons. 


RESULTS 
Regional Brain MHPG-SO, Levels 


Figure 1 depicts regional MHPG-SO, levels in the brain 
for three groups in the FR-1 and FR-3 operant schedules. 
Two-way ANOVAs revealed a significant main effect of 
group in the hypothalamus, F(2,41)=6.0, p><0.05, amygdala, 
F(2,41)=11.5, p<0.05, thalamus, F(2,42)= 13.8, p<0.01, LC 
region, F(2,42)=4.6, p<0.05, hippocampus, F(2,42)=14.5, 
p<0.01, midbrain, F(2,42)=6.0, p<0.05, and cerebral cor- 
tex, F(2,42)=6.7, p<0.05. ANOVAs also revealed a signifi- 
cant interaction of group x FR schedule in the hypothala- 
mus, F(2,41)=4.9, p<0.05, amygdala, F(2,41)=5.2, p<0.05, 
thalamus, F(2,42)=4.1, p<0.05, midbrain, F(2,42)=3.8, 
p<0.05, and cerebral cortex, F(2,42)=4.8, p<0.05. There 
was no reliable main effect of FR schedule in any region. 


Tukey’s post hoc comparisons revealed that MHPG-SO, 
levels for FR-1-experimental group were significantly lower 
than those of FR-1-yoked group in the hypothalamus, amyg- 
dala, thalamus, LC region and cerebral cortex. The FR-1- 
experimental group did not differ significantly from FR-1- 
control group excluding the hippocampus, while the levels 
for the FR-1-yoked group were reliably higher than those of 
the FR-1-control rats. However, the levels for the FR-3- 
experimental group were reliably higher than those of the 
FR-3-control group, and the FR-3-experimental and FR-3- 
yoked groups did not differ from one another. The FR-3- 
experimental group showed significant increases in MHPG- 
SO, levels in all regions examined with the exception of the 
basal ganglia, when compared with the FR-1-experimental 
group. The MHPG-SO, contents of FR-3-yoked group did 
not differ in any brain regions from the FR-1-yoked group. 

Table 1 shows regional brain MHPG-SO, levels for the 
experimental and yoked groups in the FR-1 and FR-3 oper- 
ant schedules as a percentage of combined FR-1- and FR-3- 
control groups. Three-way ANOVA revealed significant 
main effects of group, F(1,56)=5.7, p<0.05, FR schedule, 
F(1,56)=17.1, p<0.01, and brain region, F(7,56)=3.9, 
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p<0.01, and a significant interaction of group and FR 
schedule, F(1,56)=14.5, p<0.05. Tukey’s post hoc compari- 
sons among the brain structures revealed that the alterations 
in the FR-1-experimental group were significantly greater in 
the hypothalamus, amygdala, thalamus, LC region, hip- 
pocampus and midbrain as compared with the cerebral cor- 
tex. In the FR-3-experimental group, the alterations in the 
hypothalamus and midbrain were significantly greater than 
did each of the cerebral cortex and hippocampus. For the 
FR-1-yoked group, the alterations in the basal ganglia were 
significantly less as compared to the hypothalamus, 


thalamus and midbrain. The alterations of the FR-3-yoked 
group were reliably greater in the hypothalamus and 
thalamus than did each of the cerebral cortex and basal ganglia. 


Disk-Pulling Responses and Shock Pulses Received 


Table 2 illustrates the data for disk-pulling responses and 
shock received during the stress session. A two-way 
ANOVA on disk-pulling responses revealed a significant 
main effect of group, F(2,42)=41.8, p<0.01. There were no 
reliable main effects of FR schedule and no reliable interac- 
tions. Experimental rats pulled the disk more than did con- 
trol and yoked rats in both the FR-1 and FR-3 schedules, 
respectively. Yoked rats also made more disk-pulling re- 
sponses than did control rats in both schedules. Although the 
number of shocks received during the FR-3 operant schedule 
was higher than that seen in the FR-1 schedule, there was no 
significant difference. 

A regression analyses was performed with respect to the 
relationship between MHPG-SO, levels and the amount of 
shocks received by the experimental and yoked groups 
across the FR schedules. There was no indication of any 
possible parallel between these variables in any brain re- 
gions. 


DISCUSSION 


The present study confirmed the hypothesis that brain 
NA turnover in experimental rats with controllable shock 
increases as a function of the requirement of response load- 
ing (i.e., task complexity) under a discriminated Sidman 
avoidance procedure. Yoked rats with uncontrollable shock 
displayed enhanced NA turnover irrespective of whether the 
operant schedule was FR-1 or FR-3. This experiment not 
only supports previous findings [11, 21, 23], but also pro- 
vides further information that the beneficial effects of shock 
controllability on brain noradrenergic neuronal activity were 
reversed by increasing the complexity of the response-shock 
termination contingency. 

In the FR-1 operant schedule, the experimental rats had 
significantly lower levels of MHPG-SO, in the hypothala- 
mus, amygdala, thalamus, LC region and cerebral cortex 
than did their yoked partners. In the light of this finding, it is 
quite likely that having control over the shock attenuated the 
NA turnover to control levels under FR-1 schedule. These 
data are in agreement with the reports of Hellhammer et? al. 
[5], Swenson and Vogel [15] and Weiss et al. [25] who found 
that controllable shock was superior to uncontrollable shock 
in preventing brain NA depletion. The MHPG-SO, levels for 
the experimental rats did not differ reliably from control rats 
in most regions excluding the hippocampus. These lack of 
differences between the FR-l-experimental and FR-1- 
control groups might be interpreted that the shock control- 
lability actually ameliorated the aversiveness of the situation 
down to the point of a non-aversive basal situation. Another 
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explanation that the control-treatment was so aversive as to 
already push the NA turnover rates quite high, was not the 
case. Our previous study [18] has supported the former in- 
terpretation from the finding that 21-hr confinement in the 
chamber experienced by the control rats produced only 
slight increased levels of MHPG-SO, in the hypothalamus 
out of the same brain regions as examined in this experiment, 
relative to the untreated home cage rats. 

In the FR-3 schedule, however, the experimental rats 
showed considerably greater increases in MHPG-SO, levels 
in all regions, with the exception of the basal ganglia. The 
FR-3 experimental rats did not differ reliably from the yoked 
rats across all eight regions examined. MHPG-SO, levels in 
yoked rats did not change significantly in all brain regions 
from the FR-1 to the FR-3 schedules. Irrespective of whether 
the task was FR-1 or FR-3 schedule, MHPG-SO, levels for 
the yoked rats remained elevated in all regions, because 
these rats were always in an uncontrollable situation. .\c- 
cording to Anisman and Zacharko [1], it seems that when 
behavioral coping is not available to the animal, NA release 
from the nerve terminals in the brain enhances and conse- 
quently results in increased MHPG-SO, levels and decreased 
NA levels (as reflected by elevation of NA turnover rate). 

There was a rise in the number of shocks received in the 
FR-3 operant schedule, relative to the FR-1 condition, al- 
though this tendency was not statistically significant. The 
lack of significance seems to be due to the large amount of 
variability in shocks taken within group. It is necessary to 
point out that rats have difficulty learning a manipulating 
response to control shock [2]. This accounts for a wide vari- 
ety of shock taken with increased amount of responding re- 
quired. 

There were differences in terms of brain NA turnover 
between the experimental and yoked groups in the FR-1 
task, but not in the FR-3 case. One possible reason might 
involve the fact that both experimental and yoked rats in the 
FR-3 operant schedule took so much more shock than did 
the FR-1 schedule. Thus, in the FR-3 case, the NA system 
could have reached at a ceiling. This possibility, however, is 
unlikely, since the yoked rats which received exactly the 
same amount of shock as did the experimental rats showed 
no differences in brain NA turnover between the FR-1 and 
FR-3 operant schedules. A regression analysis between 
MHPG-SO, levels and the amount of shock revealed that 
there was no indication of a significant parallel between 
these variables. 

We propose the view that the enhancement of NA turn- 
over in extensive brain regions for the FR-3-experimental 
rats seemed to be dependent on the increase in response 
loading (i.e, response ratio) under a discriminated Sidman 
avoidance procedure. The changes of NA turnover in the 
brain suggest that the FR-3-experimental rats displayed 
distress-evoked hyper-emotionality, when compared with 
the FR-1l-experimental rats. It has been reported that the 
increased brain NA turnover produced by various aversive 
stimulations is related to _ distress-evoked hyper- 
emotionality, as evidenced by increased defecation and vocal- 
ization [17], gastric lesions [20] and behavioral deficits [25]. 

The neurochemical results from this experiment con- 
firmed and extended the previous reports investigating the 
link among brain NA activity, shock controllability and 
helplessness [5, 14, 15, 18]. One important event which in- 
fluences this relationship is the nature of task required to 
learn and/or perform the operant response. It appears that 
upon exposure to an aversive stimulation, animals respond 





950 


to reduce it using behavioral strategies, such as disk-pulling 
responses. When behavioral control over shock is possible 
for FR-1l-experimental rats, NA utilization is not excessive 
and accompanied by adequate rates of synthesis. Whereas, 
when behavioral coping for FR-3-experimental rats and 
yoked rats is partially successful or impossible, such as is the 
case with tasks involving obscure contingency of reinforce- 
ment or uncontrollable situations, increasing demand is 
placed upon NA coping mechanism, NA utilization exceeds 
synthesis, and enhanced NA turnover and behavioral de- 
pression (i.e., learned helplessness) are likely to occur as a 
consequence. 

The present findings also present additional detailed in- 
formation that some regions in the brain, such as the hypo- 
thalamus, amygdala, thalamus, LC region, midbrain and 
cerebral cortex, apparently mediate the interactive effects of 
shock controllability and task complexity most noticeably. 
Redmond [12] has hypothesized that the LC system is con- 
sidered as an ‘‘alarm center’’ in producing anxiety and fear. 
The LC has projections to various terminal sites, especially 
the hypothalamus and limbic areas including the amygdala, 
thalamus, midbrain and hippocampus [22]. Tanaka et al. [16] 
showed that immobilization stress produces enhanced NA 
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turnover most rapidly in the hypothalamus as compared to 
the cerebral cortex and basal ganglia. Conditioned cues that 
had previously been paired with shock elicits increases of 
NA turnover in the hypothalamus, amygdala and LC region 
when placed in the same environment in which the rats had 
previously received shock [19]. In addition, Hellhammer ef 
al. [5] suggested hippocampal NA depletion reflects a 
nonspecific stressful treatment, relative to shock controlla- 
bility. 

In conclusion, the present study clearly demonstrates that 
behavioral factors, such as interactive effects between the 
availability of an operant controlling response and the nature 
of response task, are implicated in producing functional 
changes of NA mechanisms in the brain which might be in- 
volved in genesis of behavioral impairment and affective ill- 
ness [1, 4, 25]. 
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MEISEL, R. L., R. E. LEIPHEIMER AND B. D. SACHS. Anisomycin does noi disrupt the activation of penile reflexes 
by testosterone in rats. PHYSIOL BEHAV 37(6) 951-956, 1986.—A possible role of protein synthetic processes in the 
testosterone-activation of penile reflexes in rats was examined in these experiments. In Experiment 1, long-term castrated 
male rats were injected with 250 wg testosterone propionate (TP) and tested for penile reflexes 24 hr later. Fifteen minutes 
prior to TP these males received a systemic injection of the protein synthesis inhibitor anisomycin (ANI) or the saline 
vehicle. ANI had no disruptive effect on the activation of penile reflexes by TP; in fact, ANI facilitated erection frequency. 
In Experiments 2 and 3, a series of three ANI or saline injections were given at 2 hr intervals beginning with the injection of 
250 wg TP, with no significant effect on any reflex parameters tested 12 or 24 hr after TP. In Experiment 4, the penile 
reflexes of male rats were stimulated by implanting a Silastic capsule containing testosterone subcutaneously for 2 weeks. 
A series of ANI or saline injections were spaced 3 hr apart, with penile reflexes tested 6 and 12 hr after the first injection. 
There were no significant differences between ANI and saline-treated males at 6 hr, whereas at 12 hr ANI-treated males 
had significantly shorter reflex latencies and significantly more penile flips than did males injected with saline. In a final 
experiment (Experiment 5), the Silastic capsules were removed from the males in the previous experiment. Three injections 
of ANI or saline were given at 4 hr intervals beginning with the removal of the Silastic capsule. When tested 24 hr after 
Silastic removal, no differences in penile reflex parameters between males treated with ANI or saline were detected. 
Although steroids are classically thought to act through the stimulation of protein synthesis, our results suggest that the 
testosterone-activation of penile reflexes does not involve genomic events. 

Penile reflexes Anisomycin 


Protein synthesis inhibition Testosterone 





CONSIDERABLE evidence exists demonstrating that | attempt to antagonize the actions of testosterone at any of 


steroid hormone activation of female sexual behavior in rats 
involves the induction of protein synthesis (see [16] for a 
review). In male rats, however, the role of protein synthetic 
processes in the androgenic activation of sexual behavior has 
not been studied. Perhaps the absence of such studies on 
male sexual behavior can be traced to the necessity of sev- 
eral days of hormone treatment to restore sexual behavior in 
castrated male rats (e.g., [1]). Inhibiting the actions of a 
hormone treatment for a prolonged period would require a 
chronic inhibition of protein synthesis, an undoubtedly toxic 
procedure. 

Recent studies have demonstrated that the penile compo- 
nents of male copulatory behavior can be activated in cas- 
trated male rats as early as 12 hr after the onset of androgen 
administration [8,10]. Based on these findings, we chose to 
investigate the role of protein synthesis in the restoration of 
penile actions following acute testosterone treatment. Since 
testosterone has been shown to act on a number of target 
tissues that could influence penile responses (e.g., spinal 
motor neurons [4], striated penile musculature [15,26], penile 
vascular system [20]), the protein synthesis inhibitor, 
anisomycin, was administered systemically to male rats in an 





these sites. 

We took three approaches to studying the role of protein 
synthesis in the hormonal mediation of penile responses. 
First, in Experiments 1-3 we examined the effects of 
anisomycin on the restoration of penile responses in long- 
term castrated male rats given a single injection of testos- 
terone. In Experiment 1 the effects of a brief inhibition of 
protein synthesis (peak protein synthesis inhibition of about 
2 hr [7]) were examined, whereas in Experiments 2 and 3 a 
series of anisomycin injections designed to produce a sus- 
tained inhibition of protein synthesis (peak inhibition of 6-8 
hr [7]) was used. Second, we looked at the effects of a sus- 
tained inhibition of protein synthesis on penile responses in 
animals maintained on testosterone (Experiment 4). Finally, 
we assessed the effects of sustained inhibition of protein 
synthesis on the loss of penile responses following the with- 
drawal of testosterone (Experiment 5). 


GENERAL METHOD 


Animals and Housing 


Animals in Experiments 1 and 2 were the male offspring 


1Present address: Department of Biology, Youngstown State University, Youngstown, OH 44555. 
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TABLE 1 


PENILE REFLEX PARAMETERS (MEAN + SE) OF CASTRATED MALE RATS PRIOR TO OR AFTER INJECTION OF 
TESTOSTERONE PROPIONATE (TP) 





Test 1 (2 wk prior to TP) 


Reflex Number of 
Latency (min) Erections 


Treatment 
Group 


Number of 
Clusters 


Test 2 (24 hr after TP)* 


Number of 
Erections 


Reflex 
Latency (min) 


Number of 
Clusters 





ANI(N = 6) 
SAL (N = 6) 


19.9 + 5.5 
25.4 + 4.1 


37 222 
234249 


19.2 + 4.37 
8.8 + 2.7 


4.0 + 1.1 
20.0 + 4.3 





Anismycin (ANI) or Saline (SAL) was Administered Only Prior to Test 2, 15 Min Before TP Injection. 
*Overall Test 2 vs. Test 1: Reflex Latency, p<0.02; Number of Erections, p><0.001; Number of Clusters, p><0.001. 


*Test 2—ANI vs. SAL: Number of Erections, p<0.05. 


of Long-Evans rats (Blue Spruce Farms, Altamont, NY) 
bred in the laboratory. These males weighed 480-590 g at the 
start of the experiment. Animals in Experiments 3-5 were 
Sprague-Dawley male rats obtained from Blue Spruce 
Farms, and were 390-480 g at the start of the experiments. 
These latter males were used approximately three months 
after removal of their levator ani muscles (for another study), 
a procedure previously shown to have no effect on penile 
responses in rats [20]. 

All animals were housed in groups of three or four, in 
suspended wire mesh cages (34x 18x20 cm), with pelleted 
laboratory chow and tap water freely available. Colony 
rooms were maintained at 23°C, with a relative humidity of 
35-45%. Lights were off from 10:00 to 22:00 hr. 


Behavioral Tests 


Penile reflex tests (Experiments 1 and 2) were conducted 
in a manner similar to that described by Sachs and Garinello 
[21]. Briefly, the rat was placed on its back with the anterior 
portion of its torso inserted into a plastic cylinder, tight 
enough to prevent its escape, yet loose enough for it to en- 
gage in grooming of its head with its forepaws. In Experi- 
ments | and 2, the restraint was provided by a belt around 
the rat’s midsection, while the rat’s hindiegs were held by 
the experimenter. Tests were initiated by retracting the 
penile sheath and exposing the glans penis. A thin wooden 
applicator was placed at the base of the sheath to maintain 
exposure of the glans throughout the test. 

This method was modified in Experiments 3-5. By remov- 
ing the suspensory ligament in these animals, the glans, once 
the sheath was retracted, retained its extruded position 
without the need for an applicator. Restraint of the supine 
male was provided by strips of self-sticking (masking) tape 
across the midsection, the base of the tail, and at the base of 
the hindlegs. 

For all experiments, tests were terminated 20 min after 
the first penile response, or 30 min after sheath retraction if 
no response occurred. Responses entered on an event re- 
corder included erections—reddening and distension of the 
glans, and flips—quick dorsiflexions of the glans—usually 
without an accompanying erection. Penile cups (very intense 
erections [20]) were also recorded, but appeared with such a 
low frequency in all experiments that they are not reported. 
The response latency (time from sheath retraction to the first 
response), the frequency of erections and flips, and the 
number of response clusters were determined from the event 
record. Penile actions separated by fewer than 15 sec were 
defined as belonging to the same cluster [6,22]. 


EXPERIMENT | 


Previous studies have shown that testosterone can restore 
penile reflexes in long-term castrated rats within 12-24 hr 
after the initiation of testosterone treatment [8,10]. In this 
experiment we attempted to antagonize the induction of 
penile reflexes by administering the protein synthesis in- 
hibitor, anisomycin, in conjunction with testosterone treat- 
ment. 


METHOD 


Adult male rats were castrated transcrotally under 
Chloropent anesthesia. Four weeks later, all males were given 
a post-castration test for penile reflexes. Nonresponders, 
and those males showing few responses, were arbitrarily as- 
signed to experimental and control groups, with the con- 
straints that the reflex latencies, number of erections, and 
number of flips did not differ significantly between groups. 
Two weeks after this baseline test, rats were given a single 
injection of anisomycin (ANI; 5 mg/100 g body weight; Gen- 
eral Diagnostics, Morris Plains, N35) or the saline (SAL) ve- 
hicle SC. Fifteen min later each animal received an SC injec- 
tion of testosterone propionate (TP; 250 yg in 0.1 ml cotton- 
seed oil). Rats were tested for penile reflexes 24 hr after TP 
injection. Animals not showing any erections in this and the 
remaining experiments were included in the data analyses 
with an assigned reflex latency of 1800 sec, and an assigned 
number of zero reflexes in each category. 


RESULTS 


Prior to TP treatment 3/6 ANI-treated males and 2/6 
SAL-treated males displayed erections. Following TP treat- 
ment 6/6 ANI-treated males and 5/6 SAL-treated males had 
erections; the proportional increases were not statistically 
significant. 

The effect of TP on penile reflexes was determined by 
single-sample f-tests on difference scores between the 
pre-TP and post-TP values, with a hypothesized zero differ- 
ence. The effect of ANI on reflex parameters was analyzed 
by comparing the difference scores between ANI-treated 
and SAL-treated males using independent t-tests. Penile flips 
were not analyzed as only one male had any flips. The penile 
reflex parameters both prior to and after TP treatment are 
summarized in Table 1. 

Compared with the pre-TP test, there was a significant 
reduction in erection latency, t(11)=2.93, p<0.02, and a sig- 
nificant increase in erection frequency, t(11)=4.50, p><0.001, 
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TABLE 2 


PENILE REFLEX PARAMETERS (MEAN + SE) FOR MALE RATS RECEIVING ANISOMYCIN (ANI) OR SALINE (SAL) AT THE 
TIME OF TESTOSTERONE PROPIONATE (TP) INJECTION 





First Test (12 hr after TP) 


Reflex Number of 
Latency (min) Erections 


Treatment 
Group 


Number of 
Clusters 


Second Test (24 hr after TP) 


Number of Number of 
Erections Clusters 


Reflex 
Latency (min) 





ANI(N = 6) 
SAL (N = 5) 


15.5 + 4.2 
11.3 + 3.9 


7.7 + 2.6 
18.2 + 4.6 


8.3 + 2.0 
12.2 + 4.8 


17.5 + 4.7 
11.8 + 4.9 





TABLE 3 


REPLICATION OF THE EFFECTS OF ANISOMYCIN (ANI) OR SALINE (SAL) ON PENILE REFLEXES 
TESTED 12 HR OR 24 HR AFTER INJECTION OF TESTOSTERONE PROPIONATE (TP) 





First Test (12 hr after TP) 


Reflex 
Latency (min) 


Treatment 
Group 


Number of 
Erections 


Second Test (24 hr after TP) 


Reflex Number of 
Latency (min) Erections 





ANI(N = 9) 
SAL (N = 8) 


21.9 + 4.1* 
18.5 + 3.4 


74+ 3.8 
14.1 + 6.0 


15.5 + 4.0 
18.0 + 3.6 


11.8 + 4.2 
8.3 + 3.1 





*Mean + SE. 


and number of reflex clusters, #(11)=5.33, p<0.001, when 
tested 24 hr after TP injection. There was no significant ef- 
fect of ANI on erection latency or number of reflex clusters, 
although ANI-treated males had significantly more erections 
than did males receiving SAL, #(10)=2.28, p<0.05. 


EXPERIMENT 2 


Since anisomycin had no disruptive effect on penile re- 
flexes in Experiment 1, in this experiment we gave repeated 
anisomycin treatments to extend the duration of maximal 
protein synthesis inhibition. 


METHOD 


Rats were injected SC with 250 wg TP 13 days after the 
reflex tests in Experiment 1. At the same time they received 
the first of three SC injections of ANI (2 mg/100 g body 
weight) or SAL, with the remaining two injections spaced at 
2-hr intervals. Penile reflex tests were given 12 and 24 hr 
after the injection of TP. 


RESULTS 


The results of this experiment are summarized in Table 2. 
One ANI-treated male (12 hr test only) and one SAL-treated 
male (24 hr test only) did not show any penile responses. 
Reflex latency, number of erections, and number of response 
clusters were analyzed by a 2X2 analysis of variance (drug 
treatment x tests). Since flips were infrequently observed in 
this experiment, this measure was not analyzed. There were 
no effects of ANI or repeated testing on reflex latency either 
as main effects or as an interaction. There were no signifi- 
cant main effects on erection frequency; however, there was 
a significant interaction of ANI treatment with tests, 
F(1,9)=5.08, p<0.05. Probing this interaction failed to indi- 
cate any significant simple main effects, although ANI- 
treated males displayed a trend toward fewer erections than 


did SAL-treated males on the 12 hr test, F(1,9)=4.28, 
p<0.07. There were no significant main effects for the 
number of response clusters, whereas the interaction ap- 
proached statistical significance, F(1,9)=4.81, p<0.06. 


EXPERIMENT 3 


A prolonged anisomycin treatment was without signifi- 
cant effect on penile reflexes in Experiment 2. Since the rats 
were not tested for penile reflexes prior to TP treatment in 
Experiment 2, it is possible that considerable reflex potential 
had been retained following TP treatment in Experiment 1, 
explaining the failure of anisomycin to antagonize penile re- 
flexes. In this experiment, we repeated the design of Exper- 
iment 2, using castrated males not showing any penile re- 
flexes at the start of the experiment. 


METHOD 


Adult male rats were castrated while anesthetized with 
Chloropent. At this time, the males also had their penile 
suspensory ligaments removed through a small incision just 
anterior to the palpated point of penile flexion (see [9], Fig. 
262). By cutting the suspensory ligament, the distal penis re- 
mains extruded from the penile sheath, eliminating the need for 
mechanical retraction of the sheath during the test period. 
Approximately seven weeks after castration, males were 
given a baseline test for penile reflexes. About one week 
after this reflex test, rats in this experiment were injected SC 
wtih 250 xg TP, followed immediately by an injection of ANI 
(2 mg/100 g body weight, pH adjusted to 6.8) or SAL. Two 
additional injections of ANI or SAL were given 3 hr and 6 hr 
after the initial injection. Penile reflex tests began 12 and 24 
hr after the initial injection. 


RESULTS 


None of the males in this experiment showed any penile 
{ 
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TABLE 4 


PENILE REFLEX PARAMETERS (MEAN + SE) OF MALE RATS MAINTAINED ON TESTOSTERONE 
AND TREATED WITH ANISOMYCIN (ANI) OR SALINE (SAL) 





Reflex 
Latency (min) 


Treatment 
Group 


Number of 
Erections 


Number of Number of 


Clusters 


6 hr Test 


ANI(N = 6) 
SAL (N = 6) 


36.7 + 4.7 
35.8 + 5.8 


12.22 2:3 
11.2 + 2.0 


12 hr Test 


ANI(N = 11) 
SAL (N = 12) 


4.4 + 1.0* 
94.223 


42.7 + 2.4 
42.4 + 5.1 


18.2 + 4.2+ 
5.9 + 2.0 


14.4 + 1.0 
H2t12 





*p<0.05 vs. SAL. 
tp<0.02 vs. SAL. 


reflexes seven weeks after castration. Twelve hours after TP 
injection 4/9 ANI-treated males and 5/8 SAL-treated males 
showed erections, whereas 24 hr after TP injection these 
proportions were 6/9 ANI-treated and 5/8 SAL-treated 
males responding. Analyses of variance (drug treatment x 
tests) did not reveal any significant effects on reflex latency 
or erection frequency. (Even when these data were com- 
bined with those of Experiment 2, no statistically significant 
effect of anisomycin on erections was found.) Response clus- 
ters were not measured in this experiment, and flips were 
seen in only a few animals, and therefore not analyzed. The 
data for reflex latency and erection frequency are sum- 
marized in Table 3. 


EXPERIMENT 4 


In the previous experiments we attempted to antagonize 
the short-latency facilitation of penile reflexes by TP in cas- 
trated male rats. In this experiment the possibility that 
anisomycin could antagonize penile reflexes in males main- 
tained on testosterone for several weeks was tested. 


METHOD 


Nine days after the end of Experiment 3, all males were 
anesthetized with ether and implanted sc in the anterior back 
with a 25 mm Silastic capsule (1.6 mm i.d.; 3.2 mm o.d.) 
containing testosterone (T). This T treatment has been 
shown to restore levels of plasma T and copulatory behavior 
equivalent to those seen in intact adult male rats [5]. Four- 
teen days after T-implantation, each rat received three SC 
injections of either ANI (2 mg/100 g body weight, pH=6.9) or 
SAL at 3-hr intervals. Some animals were tested for penile 
reflexes 12 hr after their first injection with ANI or SAL, i.e., 
6 hr after the last injection, whereas the remaining animals 
were tested both 6 and 12 hr after the initial injection, i.e., 
immediately and 6 hr after the last injection. 


RESULTS 


With one exception (a SAL animal on the 12 hr test) all 
males responded with erections in this experiment. There 
were no significant differences on the 12 hr test for those 
animals tested only once or those animals tested at both 6 
and 12 hr. The 12 hr data from those animals tested once or 
twice were pooled. Therefore, the results of the 6 hr and 12 
hr tests were analyzed independently, and are summarized in 
Table 4. There were no significant effects of ANI on any 


parameter of penile reflexes measured 6 hr after the first 
injection. By 12 hr after the initial injection, ANI-treated 
males had _ significantly shorter response latencies, 
1(21)=—2.13, p<0.05, and _ significantly more flips, 
t(21)=2.71, p<0.02, than SAL-treated males. The difference 
in response clusters approached significance, #(21)=2.05, 
p<0.06. There was not a significant group difference in erec- 
tion frequency. 


EXPERIMENT 5 


Penile reflexes wane substantially within 24 hr of testos- 
terone withdrawal [10]. In this experiment we examined 
whether anisomycin administered at the time of testosterone 
withdrawal would accelerate the loss of penile reflexes. 


METHOD 


Forty-six days after reflex testing in Experiment 4, the 
Silastic capsules containing T were removed while the males 
were anesthetized with ether. Following removal of the cap- 
sules, males were injected SC with either ANI (2 mg/100 g 
body weight, pH=6.9) or SAL, with two additional injec- 
tions given at 4-hr intervals. Penile reflex tests were con- 
ducted 24 hr after Silastic capsule removal. 


RESULTS 


All nine ANI-treated males, and 7/9 SAL-treated males 
displayed erections. Few males in either group displayed 
flips, however (ANI—2/9; SAL—3/9). We found no signifi- 
cant between-group differences for response latency 
(ANI—451+67 sec; SAL—846+62 sec), number of erections 
(ANI—21.7+1.5; SAL—19.4+4.4), or response clusters 
(ANI—9.6+0.7; SAL—8.8+ 1.9). 


GENERAL DISCUSSION 


Injection of testosterone into male rats that had been cas- 
trated for 6-8 weeks stimulated penile reflexes within 12 hr 
after injection. his rapid onset of the penile components of 
copulation following testosterone has been reported previ- 
ously [8,10]. Although rapid with respect to testosterone- 
activation of other behaviors, most notably copulatory per- 
formance in male rats [8], this latency to the onset of penile 
reflexes is certainly sufficient for many biochemical proc- 
esses, including protein synthesis, to occur [17]. Given that 
protein synthesis is integral to current models of steroid ac- 
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tion on its target tissues [12], we chose this synthetic process 
as a first step in investigating cellular mechanisms of action 
of testosterone in the activation of penile reflexes in male 
rats. 

In Experiments 1-3 we attempted to antagonize the 
testosterone-activation of penile reflexes through concurrent 
treatment with the protein synthesis inhibitor anisomycin. A 
single injection of anisomycin given 15 min prior to testos- 
terone had no disruptive effects on penile reflexes in Exper- 
iment 1, in fact facilitating some measures of penile reflexes 
compared to control males. It is possible that this potentia- 
tion of reflexes (also seen in Experiment 4) was due to sup- 
raspinal effects of anisomycin, resulting in a reduced inhibi- 
tion of spinal systems. Since the males in this experiment 
were tested 24 hr after testosterone injection, and peak 
protein synthesis inhibition should have lasted only about 2 
hr [7], we felt that the duration of synthesis inhibition rela- 
tive to the duration of testosterone treatment may have been 
insufficient to antagonize reflex activation, or that the reflex 
test was administered too late to detect any inhibitory ef- 
fects. Therefore, in Experiments 2 and 3 we administered an 
anisomycin regimen designed to maximally inhibit protein 
synthesis for about 8 hr [7], and tested males for penile re- 
flexes as early as 12 hr after testosterone injection. 
Anisomycin was without significant effect on penile reflexes 
in these experiments as well. Similarly, we were unable to 
disrupt penile reflexes in males maintained on chronic testos- 
terone treatment (Experiment 4), and the loss of penile re- 
flexes (compare reflex parameters of Experiments 4 and 5) 
following the withdrawal of testosterone was not affected by 
anisomycin (Experiment 5). Our inability to demonstrate an 
inhibition of penile reflexes with anisomycin contrasts mark- 
edly with the severe disruption of lordosis in female rats 


using similar (or even lower) doses of anisomycin [18]. 

The widely accepted model of steroid hormone action 
requires the binding of the steroid with an intracellular recep- 
tor molecule [12]. This steroid-receptor complex then binds 
to DNA, ultimately triggering the synthesis of proteins [12]. 
The results presented in this report suggest that protein syn- 
thesis is not an important biochemical event in the initial 
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stages of the activation of penile reflexes by testosterone. 
We cannot exclude the possibilities, however, that anisomycin 
may antagonize penile reflexes in spinally-transected male 
rats, or in males receiving testosterone treatments of shorter 
duration. 

There is evidence that striated perineal muscles and their 
associated spinal motor neurons affect penile reflexes 
[11,19]. The spinal motor neurons for these muscles have 
been shown to contain intracellular testosterone receptors 
[3]. These motor neurons respond to testosterone with an 
increase in somal size [4], a morphological change that has 
been linked to phasic patterns of neuronal electrical activity 
(see discussion in [4]). Inasmuch as steroids can produce 
rapid hypertrophy of some target tissues (e.g., estradiol ef- 
fects on uterus), and this hypertrophy is independent of 
protein synthesis [25], testosterone may exert a similar 
protein synthesis-independent stimulation of motor neurons. 

Testosterone could also exert trophic actions directly on 
the perineal muscles [15]. Although androgen receptors in 
perineal muscles have been measured biochemically [13], so 
far, autoradiographic studies have not identified intracellular 
steroid receptors in these muscles (M. Breedlove, personal 
communication), raising the possibility of membrane- 
associated androgen receptors [24] in striated muscles. If 
indeed such membrane receptors in the penile reflex effector 
system exist, then it might not be surprising that a protein 
synthesis inhibitor (e.g., anisomycin) would be ineffective in 
antagonizing cellular processes initiated by testosterone. 
These cellular processes could include direct actions on neu- 
rotransmitter receptors [2], changes in phosphorylation 
enzymes [14], or stimulation of cyclic nucleotides [23]. The 
challenge at hand, then, is to clarify the cellular mechanisms 
through which testosterone activates penile reflexes in rats. 
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1986.—Hungry adult male deer mice were presented with freshly asphyxiated conspecifics and house mice. The deer mice 
showed a reliable preference for the contraspecific flesh during the first hour of testing, but this preference was attenuated 
during subsequent hours as subjects switched from eating the preferred parts of the contraspecific to the preferred parts of 


the conspecific. 
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A recent series of studies, reviewed by Carr and Kennedy 
[4], has demonstrated a strong preference for contraspecific 
flesh over conspecific flesh in socially reared Norway rats, 
Rattus norvegicus, and socially reared house mice, Mus 
musculus. Offered a choice between freshly asphyxiated rats 
and mice, both rodent species ate sooner and more on the 
contraspecific carcass than on the conspecific carcass [3,6]. 
Individually caged house mice, which are known to be quite 
aggressive [1], did not show any preference, feeding indis- 
criminately from both carcasses [6]. 

Although there have been several recent reports of inves- 
tigations of the flesh-eating preferences of Old World rodents 
(Rattus and Mus), there has been none on New World ro- 
dents. The purpose of the presently reported research was to 
measure the flesh-eating preference of a native American 
rodent, the prairie deer mouse, Peromyscus maniculatus 
bairdi. 


METHOD 


The animals used were second and third generation de- 
scendents of prairie deer mice and wild house mice that had 
been trapped during an earlier study [9]. Twenty subjects, 
male prairie deer mice, 6-9 months old, were individually 
housed in 28x 17x12 cm clear plastic cages and gradually 
adapted to a 2 hr/day feeding schedule (ad lib chow from 
1000-1700 hr on Days 1-3, from 1200-1500 hr on Days 7-9, 
and from 1230-1430 hr on Days 10-13, with one gram of 
mouse chow dropped into each subject’s cage at 1700 hr). 

Adult, individually housed male deer mice and house 
mice (donors) were asphyxiated by lowering their home 
cages into a plastic bag filled with carbon dioxide. None of 
these donors had ever cohabited with the subject to which it 
was presented. Within ten minutes of their death, at 1230 hr 
on Day 14 of the subjects’ cyclic food deprivation, donors 
(one house mouse, one deer mouse) were weighed and then 


lowered into opposite ends of each subject’s home cage. 
Subjects were given no mouse chow on the day of testing. 
The mice were observed for | hr, and the time of any eating 
(flesh removed and swallowed) was recorded. Carcasses 
were weighed and the parts eaten were noted after 1, 3'/2, 
and 24 hr. 


RESULTS 


Latency data were analyzed with the Wilcoxon 
matched-pairs signed-ranks rest and grams eaten data with 
matched-pairs t-tests. Subjects initiated feeding on Mus 
(median=900 sec) reliably sooner than on conspecifics (me- 
dian=3600 sec), W(20)=21, p<0.01. Seventeen of the twenty 
subjects had eaten from at least one carcass during the first 
hour. Seven of these had eaten only Mus, one only Peromys- 
cus. These seventeen subjects ate reliably more Mus than 
Peromyscus during the first hour, t(16)=3.29, p=0.005, but 
not after 3'/2 hr, 1(16)=1.39, p=0.18 (see Table 1). All 
animals had eaten from at least one carcass after 24 hr. Al- 
though seven of these had eaten only Mus, and none only 
Peromyscus, the difference between means was not statisti- 
cally significant, 1(19)=1.15, p=0.26. 


DISCUSSION 


The results indicate that the preference for contraspecific 
flesh previously demonstrated in Old World rodents (2, 3, 6] 
can also be demonstrated in a New World genus, Peromys- 
cus. The attenuation of the preference across time may be 
due to the dissipation of important stimuli, such as species- 
characteristic odors. This explanation was offered by Carr et 
al. [2,5] with respect to the observation that rats prefer aged 
over fresh conspecific flesh. An alternative explanation of 
the current results, supported by inspection of the record of 
parts eaten at various times, is that having eaten the pre- 





TABLE 1 


MEAN GRAMS OF MALE PEROMYSCUS VERSUS MUS EATEN BY 
MALE PEROMYSCUS DURING THREE TIME PERIODS 





Carcass 


Elapsed Time Peromyscus 





1 hr 0.38 
3%-hr 1.27 
24 hr 5.52 





ferred parts (head) of the Mus, subjects switched to eating 
the preferred parts (head) of the Peromyscus. 

The results of the present study do differ in one aspect 
from those previously reported with house mice. Individu- 
ally caging the deer mice did not result in their feeding indis- 
criminately, as it does in house mice [6]. This may be related 
to the fact that deer mice are much less aggressive than 
house mice, as explained below. 

One would expect that many of the stimuli responsible for 
releasing an aggressive attack upon a living house mouse, 


WUENSCH 


such as the androgen-dependent urinary factor identified by 
Lee [8], would remain on the freshly killed house mouse, 
promoting aggressive attack upon it. In fact, Carr et al. [6] 
have reported that individually caged house mice do show 
aggressive behavior (tail rattling and biting attacks) towards 
freshly killed male conspecifics, just as they do towards liv- 
ing male conspecifics [1,7]. An aggressively motivated biting 
attack may facilitate subsequent feeding by exposing blood 
and furless flesh, stimuli that have been shown to promote 
feeding, even upon conspecifics [2-4]. Socially caged house 
mice and individually caged deer mice are, however, much 
less aggressive than individually caged house mce [1,7]. King 
[7] reported that house mice establish dominance by fighting, 
but deer mice establish dominance by nosing and grooming, 
rarely ever fighting. 

In summary, there appears to be a general tendency to 
avoid eating conspecific flesh, at least if another food supply, 
such as contraspecific flesh, is available. If, however, the 
mouse is aggressively motivated to attack the freshly killed 
conspecific, blood and furless flesh will be exposed, facilitat- 
ing feeding. Individually caged house mice are so aggres- 
sively motivated and they indiscriminately feed on con- 
specifics and contraspecifics. Deer mice and socially reared 
house mice are not so aggressive towards conspecifics, and 
they do tend to avoid feeding on the conspecific, feeding 
upon the contraspecific instead. 
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